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ABSTRACT 

 In order to improve the fertilization uniformity and stability of the orchard double row ditching-fertilizing 

machine, the design was optimized. Firstly, the factors affecting the movement of the fertilizer particles were 

analysed in combination with the kinetic model of the fertilizer particles during the falling process. Secondly, 

the influence of each factor on the fertilization uniformity was analysed by single factor variance. Finally, the 

Box-Behnken central composite method was used to establish a mathematical model of fertilization uniformity 

of the orchard double row ditching-fertilizing machine, and regression statistical variance, response surface, 

and contour lines were used to analyse the influence of each mechanism parameter on the fertilization 

uniformity. The test results show that: when the test parameters of the conveyer belt speed is within 165~235 

r·min-1, the advancing velocity is within 0.8~1.2 m·s-1, and the guide plate angle is changed within the range 

of 15~45°, the degree of influence of each factor on the fertilization uniformity from high to low is the conveyer 

belt speed, advancing velocity, the angle of the guide plate, and the conveyer belt speed; when the conveyer 

belt speed is 214 r·min-1, advancing velocity is 1 m·s-1, and the angle of the guide plate is 37°, the fertilizer 

coverage reaches 100%, and the fertilization uniformity is increased from 86.31% to 90.73%, and the 

fertilization stability is improved. The research results provide a theoretical basis for the design and 

optimization of orchard ditching-fertilizing machine. 

 

摘要 

 为提高果园双行开沟施肥机的施肥均匀度和稳定性，对果园双行开沟机进行优化设计。首先结合肥料颗粒

下落过程中的动力学模型，分析影响肥料颗粒运动的各因素。其次通过单因素方差分析各因素对施肥均匀度的

影响。最后采用 Box-Behnken 中心组合试验设计方法，建立果园双行开沟施肥机施肥均匀度的数学模型，通过

回归统计方差、响应曲面和等高线分析各机构参数对施肥均匀度的影响规律。试验结果表明：在前进速度 0.8～

1.2m·s-1，传送带转速 165～235r·min-1，导板角度 15°～45°的试验参数范围内，各因素对施肥均匀度的影响程

度从高到低依次为传送带转速、前进速度、导板角度；当传送带转速为 214 r·min-1、前进速度为 1.0m·s-1、导

板角度为 37°的参数条件下，肥料覆盖率达 100%，施肥均匀度由原来的 86.31%提高到 90.73%，施肥稳定性

提高。研究结果为果园开沟施肥机的设计和优化提供了理论依据。 

 

INTRODUCTION 

 China has superior natural conditions suitable for the growth of fruit trees. It is a large country for fruit 

growing. After more than 40 years of development, China has become the main supply base and processing 

base for fruit in the world. Its fruit output and output value are among the highest in the world. Fruit production 

has become one of the pillar industries of China's agriculture (Huairui Shu et al, 2018; Jingyan Wang et al, 

2019). Fertilization of fruit trees is a key operation in the growing of fruit trees. The quality of fertilization directly 

affects the absorption of nutrients in fruit trees. Reasonable fertilization is an important measure to ensure high 

yield, stable yield and increased yield of fruit trees (Dayong Han et al, 2010; Congju Shen et al, 2019; Xiaochun 

Zheng et al, 2011).  

 
1 HongJian Zhang, Ph.D. Stud. Eng.; ChunBao Xu, M.S. Stud. Eng.; ShuangXi Liu), As. Ph.D. Eng.; Hao Jiang, M.S. Stud. Eng.; 

  Xuemei Liu, M.S. Stud. Eng.; JinXing Wang, Prof. Ph.D. Eng. 
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At present, orchards in the full fruit season mostly use ditching-fertilizing machines for stripe fertilization (Chen 

Ma et al, 2017). Fertilization uniformity is a key factor that affects the effect of fertilization operations, and is 

an important index for evaluating the performance and effect of working tools (Junliang Fan et al, 2016; Jing 

Ma et al, 2016; Rui Wang et al, 2017; Zhou Zhou et al, 2009). Overseas, Hofstee et al (1990, 1992, 1994, 

1995) made in-depth research on fertilization uniformity, including the effect of fertilizer size, friction coefficient 

and recovery coefficient on the distribution of fertilizer movement. In China, Yang Qinglu et al. (2019) carried 

out numerical analysis of particle motion based on the coupled method of discrete element and hydrodynamics, 

studied the flow characteristics of fertilizer particles in a pneumatic concentration and distribution type fertilizer 

separator, and obtained the optimal value of fluidity and uniformity of airflow and fertilizer in the fertilizer 

separating device. Qi Xingyuan et al. (2018) based on the pneumatic variable fertilizer applicator, theoretically 

analysed the fertilizer movement in its sprayer and simulated the air flow field, and obtained the optimal speed 

and baffle structure of the fertilizer removal wheel, which has a significant effect on the fertilization uniformity 

in the fertilization range of a single sprayer. Wang Jinfeng et al. (2018) carried out design analysis on key 

components of the deep-field fertilizing device on the paddy field side, and used a quadrature orthogonal 

rotation combination design test to obtain the mathematical model of the relationship among the speed of the 

fertilizer wheel, the advance speed of the rice transplanter, the wind speed of the fan and the uniformity of 

fertilization. 

 After comprehensive analysis of research status at home and abroad, it is found that the uniformity of 

fertilization affects the effect of fertilization. With the advancement of orchard mechanization, the promotion 

scope of orchard ditching-fertilizing machine has increased, but there are problems such as low fertilization 

uniformity and poor stability. For this reason, based on the existing orchard ditching-fertilizing machine, the 

single factor and Box-Behnken central composite experiment was adopted to establish mathematical model 

of fertilization uniformity, and to analyse the correlation between different structural parameters and fertilization 

uniformity through regression statistical variance, response surface, and contour lines to provide theoretical 

basis for the design and optimization of orchard ditching-fertilizing machine. 

 

MATERIALS AND METHODS 

Overall structure 

 At present, the new orchards in Bohai Bay, Northwest Loess Plateau and other main apple producing 

areas mostly adopt the planting mode of short anvil close planting, the row spacing of orchards is between 

3.5~4.0m, and the plant spacing is between 1.5~1.8m. In order to improve the operation efficiency and 

combine the apple planting mode, the orchard double row ditching-fertilizing machine is designed. The 

structure of the whole machine is shown in Figure 1, which is mainly composed of traction frame, frame, organic 

fertilizer box, compound fertilizer box, ditching device, fertilizer discharge device, etc. The main technical 

parameters of the whole machine are shown in Table 1. 

 

  
(a) Front view                                                (b) Vertical view 

 

Fig. 1 - Orchard double row ditching-fertilizing machine 

1) traction frame; 2) adjusting pulling pipe; 3) transmission shaft; 4) frame; 5) fertilizer discharge chain wheel; 6) O-chain;  

7) organic fertilizer box; 8) compound fertilizer box; 9) organic fertilizer discharge port; 10) fertilizer discharge auger; 11) fertilizer 

transport plate; 12) fertilizer discharge transmission box; 13) fertilizer guide plate; 14) soil cover; 15) ditching cutterhead;  

16) ditching cutter; 17) ditching transmission box; 18) main transmission box; 19) fertilizer transport transmission box; 20) wheels;  

21) fertilizer discharge port; 22) hydraulic cylinder; 23) fertilizer discharge scraper 

 



Vol. 62, No. 3 / 2020 INMATEH – 

 

11 

Table 1 

Main technical parameters 

Parameter Value Units 

Structure form traction type - 

Tractor power ≥58.8 kW 

Operation speed 0.8~1.2 m•s-1 

Overall dimension (length × width × height) 4030×2470×2150 mm 

Depth of ditching 0~400 mm 

Width of ditching 350 mm 

Compound fertilizer application amount 0~9.0 kg.m-1 

Fertilizer application amount 0~2.2 kg.m-1 

Compound fertilizer box volume 2450 L 

Fertilizer box volume 650 L 

 

Working principle 
 When working, the orchard double row ditching-fertilizing machine advances under the tractor's traction, 

the ditching cutter cuts into the soil and throws up the soil. The compound fertilizer and the chemical fertilizer 

are discharged by the fertilizer discharge scraper and the fertilizer discharge auger respectively, and fall into 

the opened trench through the fertilizer conveyer belt and the fertilizer guide plate. Meanwhile, the ditching soil 

cover blocks the soil thrown up by the ditching cutter and makes it fall back into the opened trench, realizing 

the integration of ditching, fertilization and covering soil. Part of the tractor's power is transmitted to the fertilizer 

transport transmission box to drive the fertilizer conveyer belt to rotate to realize the fertilizer conveying 

operation, and other power is transmitted to the main transmission box. Part of the power of the main 

transmission box is transferred from the first and second output shafts to the ditching transmission box to drive 

the ditching cutter to rotate and realize ditching operation; other power of the main transmission box is 

transferred from the third output shaft to the fertilizer discharge transmission box to drive the fertilizer discharge 

scraper and fertilizer discharge auger to rotate and realize fertilizer discharge operation. The power 

transmission route is shown in Figure 2. 

 Through the analysis of the movement of fertilizer particles, we know that there are three factors that 

affect the fertilizer discharge effect of the orchard double row ditching-fertilizing machine: one is the mechanical 

structure parameters of the machine; the other is the characteristics of the fertilizer itself; the third is the 

environmental factors. Under the influence of irresistible environmental factors and the characteristics of 

fertilizer itself, this study mainly studies the influence of the structural parameters of the machine on the law of 

fertilizer discharge to solve the problems in practical work. 

 
Fig. 2 - Power transmission route 

1) tractor rear power output shaft; 2) main transmission box input shaft; 3) main transmission box; 4) coupling; 5) right ditching 

transmission box; 6) right ditching cutterhead; 7) fertilizer discharge transmission box; 8) chain drive; 9) fertilizer discharge scraper;  

10) fertilizer discharge auger; 11) gear drive; 12) left ditching cutterhead; 13) main transmission box first output shaft; 14) main 

transmission box third output shaft; 15) main transmission box second output shaft; 16) left ditching transmission box;  

17) fertilizer transport transmission box; 18) fertilizer conveyer belt 
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Test conditions 

 The test was carried out in the test base of Gaomi Yifeng Machinery Co., Ltd. in December 2019. The 

weather is sunny, the temperature is -4~3oC, the southwest wind, the wind speed is less than 2 km/h, the air 

relative humidity is 64%, and the test ground is relatively flat, with an area of about 650 m2. The fertilizer used 

in the experiment is spherical compound fertilizer produced by Stanley Agricultural Group Co., Ltd. the N: P2O5

：K2O is 15:15:15, the total nutrient is more than 45%, the water content is 1.12%, and the average diameter 

of particles is 4.19 mm. The test method and index refer to GB/T5262—2008 general provisions for the 

determination of test conditions for agricultural machinery and NY/T1003—2006 standard test method for 

operation quality evaluation of fertilizing machinery. Figure 3 is the test diagram of orchard double row ditching-

fertilizing machine. 

 
Fig. 3 - Test of orchard double row ditching-fertilizer machine 

 

Evaluation of fertilization uniformity 

 The fertilization operation schedule of the orchard double row ditching-fertilizer machine was tested, and 

the operation length of a single row is 50m for each double-row operation, of which the length of the measuring 

area is 30 m and the length of the reserve area at both ends is 10 m. Each row along the travel direction was 

divided into 30 sections as the measuring area according to the continuous length of 10cm, and a total of 60 

sections were tested. During the test, the ditching device will be raised in the preparation area, and the 

calibration machine will enter the working state. After that, the measuring area will be passed at the normal 

working speed. The fertilizer dropped in each section was collected separately and weighed by an electronic 

balance. Under a single operation stroke, the fertilization uniformity was calculated according to formula (1), 

(2), (3), (4) after the completion of all measurement areas. 

X= 
∑ xi

n
i=1

n⁄                                       (1) 

σ = √
∑ (xi-x )

2N
i=1

n-1
                                     (2) 

CV = 
𝜎

x 

×100%                                    (3) 

CU = 1 - CV                                      (4) 

Where, x is the mean value of fertilizer mass, g; xi is the fertilizer mass of the ith measurement area, g; n is the 

number of measurement areas selected in the operation area; σ the standard deviation of fertilizer mass, g; 

CV is the coefficient of variation of fertilizer distribution, %; CU is the stability coefficient of fertilizer distribution, 

%. 

 

Test design 

 Granular organic fertilizers fall into the fertilizer guiding mechanism by means of fertilizer discharge 

mechanism, with a certain initial velocity Vp. After the granular organic fertilizer enters the fertilizer guiding 

mechanism, it is subjected to gravity Gp, buoyancy Ffp, and air resistance Fzp. After the interaction, it finally 

falls into the ditch of the orchard ditching-fertilizer machine. 

Gravity:           Gp = ρ
p
Vp                          (5) 

Buoyancy:          Ffp = ρ
a
Vpg                           (6) 
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Air resistance:           Fzp = 
1

2
Kρ

p
SpVp

2
                            (7) 

 

Air resistance coefficient:  K = 
3

8
CDρ

a

1

ρprp
                          (8) 

 

There is a correlation between drag coefficient 𝐶𝐷 and Reynolds number 𝑅𝑒: 

Re = 2
rpvpρp

ηa

                                           (9) 

In equations (5), (6), (7), (8), (9): 

ρ
p
-granular organic fertilizer density; Vp-volume of granular organic fertilizer; ρ

a
-air density; 

η
a
-aerodynamic viscosity; vP-granular organic fertilizer velocity;  

Sp-granular organic fertilizer frontal area; rp-granular organic fertilizer radius; g-gravity acceleration; 

 

 Assuming that the positive direction of the Z axis is opposite to the direction of gravity of the granular 

organic fertilizer, the equation of motion of the granular organic fertilizer in the X, Y, and Z directions is: 

 

 X direction:  
d

2
x

dt
2 =-KvPx√vPx

2+vPy
2+vPz

2                       (10) 

 Y direction:  
d

2
y

dt
2 =-KvPy√vPx

2+vPy
2+vPz

2                       (11) 

 Z direction:  
d

2
z

dt
2 =-KvPz√vPx

2+vPy
2+vPz

2                       (12) 

In equations (10), (11), (12): 

vPx-the velocity component in the X direction; 

vPy-the velocity component in the Y direction; 

vPz-the velocity component in the Z direction; 

 

 Through the analysis of the movement state of fertilizer particles after they leave the fertilizer device, it 

is found that the conveyer belt speed, advancing velocity and guide plate angle affect the amount of fertilizer 

applied and the movement state of fertilizer particles. With the fertilization uniformity as the experimental index, 

the single factor test was conducted with the conveyer belt speed, advancing velocity and guide plate angle 

as the factors, and the results are shown in Table 2. It can be seen from Table 2 that the speed of conveyer 

belt has a very significant effect on the fertilization uniformity (P<0.01), and the guide plate angle and 

advancing velocity have a significant effect on the fertilization uniformity (P<0.05). 

Table 2 

Single-factor test results 

Project 
Conveyer belt speed 

[r·min-1] 

Advancing velocity 

[m·s-1] 

Guide plate angle 

[o] 

P Value 0.00015 0.0138 0.0273 

 

 According to the results of single factor analysis, the conveyer belt speed x1, advancing velocity x2 and 

guide plate angle x3 were selected as the test factors, and the fertilization uniformity was used as the evaluation 

index. The Box-Behnken composite test design method was adopted. The value range of each factor and the 

factors and levels in the test are shown in Table 3. The experimental scheme and results of Box-Behnken are 

shown in Table 4. 

Table 3 

Factors and levels 

Level 
Conveyer belt speed x1 

[r·min-1] 

Advancing velocity x2 

[m·s-1] 

Guide plate angle x3 

[°] 

-1 165 0.8 15 

0 200 1.0 30 

1 235 1.2 45 
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Table 4 

Box-Behnken design scheme and response values of fertilization uniformity 

Test serial 

number 

Conveyer belt speed x1 

[r·min-1] 

Advancing 

velocity x2 

[m·s-1] 

Guide plate angle x3 

[o] 

Fertilization uniformity 

[%] 

1 200 1.0 30 90.10 

2 165 1.0 45 85.00 

3 200 0.8 15 85.65 

4 165 0.8 30 82.65 

5 165 1.2 30 84.35 

6 200 1.2 15 86.20 

7 235 0.8 30 90.40 

8 200 1.0 30 91.10 

9 200 1.0 30 89.80 

10 235 1.2 30 83.30 

11 200 0.8 45 85.30 

12 165 1.0 15 87.65 

13 200 1.0 30 90.40 

14 235 1.0 45 88.95 

15 235 1.0 15 84.65 

16 200 1.2 45 89.15 

17 200 1.0 30 90.30 

 

RESULTS AND ANALYSIS 

Test analysis results  

 The Design Expert statistical analysis software was used to perform a polynomial regression analysis on 

the experimental data in Table 4, the regression equation of the fertilization uniformity of the orchard ditching-

fertilizing machine was obtained: 

     Y=90.34+0.96x1-0.12x2+0.53x3-2.20x1x2+1.74x1x3+0.83x2x3-2.59x1
2-2.58x2

2-1.19x3
2  (13) 

 Significance test and variance analysis of mathematical model were carried out, and the results are 

shown in Table 5. According to the data results, the regression model was significant (P<0.05), indicating that 

the model established was meaningful. The modified determination coefficient of the model is 0.70, and the 

regression determination coefficient R2 is 0.87, indicating that the gap between the actual measurement value 

and the mathematical model is small, that is, the model has a high degree of fit to the data, the regression 

model is significant, the test error is small, and can better describe the experimental results, so the 

establishment of this regression equation is correct (Yuanyu Qian et al, 2018; Zhihong Yu et al, 2018). 

 

Table 5 

Regression statistical variance analysis results 

Project Freedom Sum of squares Mean square F Value P Value 

x1 1 7.32 7.32 2.98 0.1279 

x2 1 0.12 0.12 0.05 0.8279 

x3 1 2.26 2.26 0.92 0.3695 

x1
2 1 19.36 19.36 7.89 0.0262 

x1x2 1 12.08 12.08 4.92 0.0621 

x1x3 1 2.72 2.72 1.11 0.3273 

x2
2 1 28.22 28.22 11.50 0.0116 

x2x3 1 27.95 27.95 11.38 0.0119 

x3
2 1 5.95 5.95 2.42 0.1634 

Model 9 112.36 12.48 5.09 0.0217 

Residual 7 17.18 2.45   

Total 16 129.54    
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 It can be seen from the results of the regression statistical analysis of variance in Table 5, that x1 (the 

conveyer belt speed), x2 (the advancing velocity) and x3 (the guide plate angle) have no significant effect on 

the uniformity of fertilization in the linear term of the model; x1
2 and x2

2 have significant effects on the fertilization 

uniformity, and x3
2 has no significant effect in the quadratic term of the model. Considering the interaction 

effects, x1x2 and x2x3 have significant effects on the fertilization uniformity, and x1x3 has no significant effect. 

According to the analysis of the significance of the impact, it can be known that within the range of the selected 

factors, the order of influence on the uniformity of fertilization from high to low is as follows: the conveyer belt 

speed > the advancing velocity > the guide plate angle. 

 

Response Surface Analysis of Fertilization Uniformity  

 Design-Expert was used to plot the response surface of fertilization uniformity, the effect of various 

factors on fertilization uniformity can be seen, and the relationship between various variables can be 

determined and tested (Jin Yuan et al, 2018). One of the conveyer belt speed, advancing velocity and the 

guide plate angle is fixed at the middle level, and analyse the effect of the other two factors and their interaction 

on fertilization uniformity. The interaction results are shown in Fig. 4 ~ 6. 

  
a) Y= (x1, x2, 0)                         b) Y= (x1, 0, x3)                    c) Y= (0, x2, x3) 

Fig. 4 - Interactive effects of different experimental factors on fertilization uniformity 

 

 In Figure 4a, the fertilization uniformity response surface opens downward, showing the interactive 

influence of the advancing velocity and the conveyer belt speed on the fertilization uniformity when the guide 

plate angle is 30°. When the conveyer belt speed is 217.5 r·min-1 and the advancing velocity is 1m·s-1, the 

fertilization uniformity is the highest. It can be seen from the contour map that the effect of the conveyer belt 

speed on the fertilization uniformity is more significant than that of the advancing velocity. When the angle of 

the guide plate is 30°, the conveyer belt speed is at any level, and the uniformity of fertilizer application 

increases first and then decreases with the increase of the advancing velocity. When the conveyer belt speed 

is low, the effect of the advancing velocity on the fertilization uniformity is obvious, as shown in the figure, the 

fertilization uniformity curve in the figure is steep. This shows that when the conveyer belt speed is in the range 

of 165~182.5 r·min-1, properly increasing the advancing velocity can significantly improve the fertilization 

uniformity. When the angle of the guide plate is 30°, the advancing velocity is at a low level, and the uniformity 

of fertilization shows an increasing trend with the increase of the conveyer belt speed, and the influence of the 

conveyer belt speed on the uniformity of the fertilization is obvious, as shown in the steep curve in the figure. 

This shows that when the advancing velocity is within the range of 0.8~0.9 m·s-1, increasing the conveyer belt 

speed can significantly improve the uniformity of fertilization; when the advancing velocity is at a medium and 

high level, the uniformity of fertilization increases first as the conveyer belt speed and then decreases, it shows 

that when the advancing velocity is in the range of 0.9~1.2m·s-1, maintaining the conveyer belt speed at 200 

r·min-1 can improve the fertilization uniformity. When the conveyer belt speed (the advancing velocity) is low, 

the amount of fertilization is small, and part of the trench is not covered by fertilizer, which reduces the 

uniformity of fertilization. Increasing the conveyer belt speed (the advancing velocity) appropriately can speed 

up the fertilizer movement rate and increase fertilization amount, reducing the area in the trench that is not 

evenly covered by fertilizer, and improving the uniformity of fertilization. 
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 In Figure 4b, the fertilization uniformity response surface opens downward, showing the interactive effect 

of the conveyer belt speed and the guide plate angle on the fertilization uniformity when the advancing velocity 

is 1.0 m·s-1, and when the conveyer belt speed is 217.5 r·min-1, and the angle of the guide plate is 45°, the 

fertilization uniformity is the highest. It can be seen from the contour map that the effect of the conveyer belt 

speed on the fertilization uniformity is more significant than that of the guide plate angle. When the advancing 

velocity is 1.0 m·s-1, the conveyer belt speed is low, and the amount of fertilizer applied is small. As the angle 

of the guide plate increases, the movement time of the fertilizer on the guide plate becomes longer, and the 

amount of fertilizer per unit time becomes smaller. Part of the area is not evenly covered by fertilizer, which 

leads to a decrease in the uniformity of fertilizer application with the increase of the angle of the guide plate; 

when the conveyer belt speed is at medium and high levels, the amount of fertilization is large. There are more 

areas covered by the fertilizer repeatedly in the trench. As the angle of the guide plate increases, the movement 

time of the fertilizer on the guide plate becomes longer, and the amount of fertilizer per unit time becomes 

smaller. The area covered by fertilizers repeatedly decreases, leading to an increase in the uniformity of 

fertilization as the angle of the guide plate increases. When the advancing velocity is 1.0 m·s-1, the angle of 

the guide plate is at any level, and the fertilization uniformity increases first and then decreases with the 

increase of the conveyer belt speed, and the angle of the plate is at a high level, the effect of the conveyer belt 

speed on uniformity is more significant. The curve shown in the figure is steeper. With the increase of the 

conveyer belt speed, the amount of fertilizer applied per unit time becomes larger, and the area not covered 

by the fertilizer uniformly in the trench decreases. This means that when the angle of the guide plate in the 

range of 37.5~45°, increasing the conveyer belt speed can significantly improve the fertilization uniformity. 

 In Fig.4c, the response surface of the fertilization uniformity opens downward, showing the interactive 

effect of the advancing velocity and the guide plate angle on the fertilization uniformity when the conveyer belt 

speed is 200r·min-1, and when the advancing velocity is 1.0m·s-1 and the angle of the guide plate is 30°, the 

fertilization uniformity is the highest. It can be seen from the contour map that the influence of the advancing 

velocity on the fertilization uniformity is more significant than that of the guide plate angle. When the conveyer 

belt speed is 200 r·min-1, the advancing velocity is at any level, and the fertilization uniformity increases first 

and then decreases with the increase of the angle of the guide plate. When the advancing velocity is at a high 

level, the influence of the guide plate angle on fertilization uniformity is obvious, as shown in the figure, the 

fertilization uniformity curve is steeper, indicating that when the advancing velocity is in the range of 1.1~1.2 

m·s-1, appropriately increasing the angle of the guide plate can significantly improve the fertilization uniformity; 

when the advancing velocity is at a medium and low levels that in the range of 0.8~1.1m·s-1, maintaining the 

guide plate angle at a medium level can improve the fertilization uniformity. When the conveyer belt speed is 

200r·min-1, and the angle of the guide plate is at any level, the uniformity of fertilization increases first and then 

decreases with the increase of the advancing velocity. When the advancing velocity is low (the angle of the 

guide plate is high), the amount of fertilization is small, and some areas in the trench are not covered by 

fertilizer, which reduces the uniformity of fertilization. Increasing the angle of the guide plate or the advancing 

velocity appropriately can speed up the fertilizer movement rate and increase fertilization amount, reducing 

the area in the trench that is not evenly covered by fertilizer, and improving the uniformity of fertilization. 

Optimization of fertilization uniformity response surface  

 According to the analysis of the measured data, it can be known that the conveyer belt speed, the 

advancing velocity and the guide plate angle have a certain effect on the uniformity of fertilization. The best 

condition for fertilization uniformity is obtained by overlapping three response surface graphs. The conveyer 

belt speed is within 165~235 r·min-1, the advancing velocity is within 0.8~1.2 m·s-1, and the guide plate angle 

is changed within the range of 15~45°. When the conveyer belt speed is 214 r·min-1, the advancing velocity is 

1.0 m·s-1, and the angle of the guide plate is 37°, the fertilization uniformity is the best, reaching 90.66%. 

Field test  
 In December 2019, an apple gardening test was conducted at Yishui Henghe Farm. The test garden is 

standardized for planting with a row spacing of 4m and a plant spacing of 1.5 m. The terrain is flat, the soil 

quality is loam, and the soil pH is 6.7. 

 Before optimization, the conveyer belt speed is 180r·min-1, the advancing velocity is 0.8 m·s-1, the angle 

of the guide plate is 20°. After optimization, the conveyer belt speed is 214 r·min-1, the advancing velocity is 

1.0 m·s-1, the angle of the guide plate is 37°, and the verification test was repeated three times. The results 

are shown in Table 6. 

 The test results show that the uniformity of fertilizer release after optimization is 90.73%, which indicates 

that the test results after optimizing the parameters of the equipment are consistent with the actual values of 
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the response surface analysis. At the same time, the suitability of the established mathematical model is 

verified. After optimization, the machine fertilization depth reaches 35 cm, the fertilization uniformity is 90.73%, 

and the average depth of ditching is 40 cm, which meets the technical requirements for ditching and fertilizing 

in orchards. 

Table 6 

Field test results. 

Project 

Tractor 

power  

[kW] 

Amount of 

work 

Depth of 

ditching 

[mm] 

Depth of 

Fertilization  

[mm] 

Fertilization 

uniformity  

[%] 

Before 

optimization 
44.13 2 400 350 86.31 

After 

optimization 
44.13 2 400 350 90.73 

 

CONCLUSIONS 

 (1) Establish a fertilization uniformity model. A single-factor and Box-Behnken central composite test is 

used to establish a mathematical model of fertilization uniformity. It is found through experiments that the 

mathematical model of fertilization uniformity is accurate and reliable, which provides a theoretical basis for 

the design and improvement of the orchard ditching-fertilizing machine. 

 (2) There are optimal values for the technical parameters of the orchard ditching-fertilizing machine. The 

structural parameters of the fertilizer device have a significant effect on the uniformity of fertilization. Under the 

conditions when the conveyer belt speed is 214. 

r·min-1, the advancing velocity is 34r·min-1, and the angle of the guide plate is 37o, the uniformity of fertilization 

is optimal, increasing from 86.31% to 90.73%, and the fertilization stability was improved. 

 (3) Although the effects of structural parameters on fertilization uniformity have been completed, the 

effects of shapes of fertilizers on fertilization uniformity have not been studied. The effects of different shapes 

of fertilizers on fertilization uniformity will be the next research object. 
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ABSTRACT  

In this article it is studied the behaviour of a rechargeable battery, which outputs a maximum power capacity 

of 17 kWh that's being used as the main source of the prototype electric tractor developed at INMA 

Bucharest. This tractor is equipped with 16 kW electric motor, 4 speed gearbox and 4x4 traction. The 

charging mode of the battery when it is supplied with different powers from the current source was studied, 

but also the power delivery mode when the tractor is in operation and different loads occur. The energy 

consumption of the battery has also been studied, from the moment when the tractor is put into operation, 

driving on flat asphalt or agricultural land, with or without load and also in extreme traction conditions, for 

ploughing or towing heavy loads. 

 

REZUMAT  

În acest articol este studiat modul de comportare a unei baterii de acumulatori, care poate debita o energie 

maximă de 17kWh, ce este folosită ca sursă principală de energie la prototipul tractorului electric dezvoltat în 

cadrul INMA Bucuresti. Tractorul este echipat cu un motor electric cu putere 16kW, cutie de viteze cu 4 

trepte și tracțiune 4x4. A fost studiat modul de încărcare al bateriei atunci cand este alimentată cu puteri 

diferite de la sursa de curent dar și modul de livrare a energiei atunci când tractorul este supus diferitelor 

regimuri de lucru în functionare. De asemenea a fost studiat consumul de energie din baterie de la momentul 

cand tractorul este pus în funcțiune, rularea pe teren plan, asfaltat sau teren agricol, cu sau fără sarcină dar 

și în condiții extreme de tracțiune, la lucrări de arat sau tractarea unor sarcini mari. 

 

INTRODUCTION 

 Romania's agricultural area is about 14 million ha, ranking 7th place in Europe, 9.7 million ha of 

which are arable land. 

 The processing in the modern agrotechnical conditions targeting at this surface, implies a complex 

technical-material base, in which the agricultural tractors have the main role. (Ministry of Agriculture and 

Rural Development). 

 According to the population density of Romania, each inhabitant has about 0.41 ha of arable land, a 

value superior to many countries in the European Union and almost double the EU average, which is 0.212 

ha/inhabitant. 

 On a farm in Romania, a tractor is used for about 10,000 hours after which it is taken out of use, 

while in other U.E. member countries, the use of a tractor on a farm does not exceed 4,000 hours 

(www.madr.ro). According to statistics (figure 1), until 2016, over 200,000 tractors were officially registered in 

Romania. Analysing this data, it can be seen that from 1990 to 2016 the number of tractors increased by 

about 50,000 units. We can consider that of the 150,000 tractors registered before 1990, a large part was in 

operation in 2016 as well. These units certainly do not meet the new environmental protection requirements 

and the pollution of the environment by them is significant. 

 
1 Cristea M., Ph.D. Stud. Eng.; Matache M., Ph.D. Eng.; Sorică C., Ph.D. Eng.; Biriş S.Şt., Ph.D. Eng.;  

   Ungureanu N., Ph.D. Eng.; Cristea R.D., Stud. 

http://www.madr.ro/


Vol. 62, No. 3 / 2020  INMATEH – 

20 

 
Fig. 1 - Evolution of the number of tractors in Romania 

 

 It has been shown that noxious substances lead to acid rain, ozone depletion and soil degradation. 

Monoxide and nitrogen dioxide (NOx) are gases generated as a result of combustion, when the engine is 

hot, and material particles (PM) which are composed mainly of carbon particles and other substances 

harmful to the environment and life, occur as a result of incomplete combustion of fuel during the operation of 

heat engines, especially when the engine is colder. 

 Specific regulations have been created to reduce the emissions generated by heat engines and the 

new conditions imposed by Tier 4 on reducing pollution have led to changes in the construction of tractor 

engines and combine harvesters. The regulations imposed by Tier 4A came into force on January 1, 2011, 

setting the levels of particles and pollutants allowed for heat engines over 174 hp (130 kW), and the 

emergence of Tier 4B regulations led to the need to meet more drastic conditions, with applicability from 

2014, for all heat engines that fall under the scope of these regulations (https://www.agrimedia.ro/articole/ 

scr-devine-o-certitudine-la-tractoare-si-combine). 

 These regulations are studied and amended so that pollution is reduced as much as possible, thus 

creating new documents in the field, such as: Directive 2009/29/EC of the European Parliament and of the 

Council of 23 April 2009 amending Directive 2003/87/EC to improve and extend the Community scheme for 

greenhouse gas emission allowance trading (EU emission allowances, "EU ETS") and Decision 406/2009 / 

EC of the European Parliament and of the Council of 23 April 2009 on the efforts of Member States to reduce 

greenhouse gas emissions so as to comply with the Community's commitments to reduce greenhouse gas 

emissions by 2020 (Decision on the sharing of efforts, "ESD"). There are studies conducted worldwide that 

show very clearly that the use of renewable energy reduces oil consumption and as a result, emissions are 

reduced. In support of these studies, vehicles have been designed and built that are powered by renewable 

energy and that are clean from the point of view of pollution. Well-known manufacturers in the field such as 

John Deere, Solectrac, Fendt and others already have in their portfolio prototypes of electric tractors. 

Huisong Gao presents the main concerns that exist even at the level of small manufacturers for the 

development of electric tractors (Gao H. et al, 2020). There are concerns about lowering the price of electric 

tractors by replacing expensive electronic control components with other equipment that performs the same 

tasks but is much cheaper and can be programmed using existing programs in research laboratories. Yanni 

Chen and colleagues demonstrate how to replace the controller of an electric tractor, an expensive 

component of the propulsion system, with a programmable logic circuit that is much cheaper (Yanni Chen, et 

al, 2016). Energy savings are highlighted in the study conducted by Oscar Lagnelöv which compares the 

charging systems used in electric tractors (Lagnelöv O. et al, 2020). 

 In densely populated countries, such as India, the problems posed by pollution and fuel economy are 

widely studied and the introduction of new technologies in agriculture occupies an important place in 

research (Ashish M., et al, 2020). 

 Some of the advantages of clean energy sources (green energy) compared to conventional energy 

sources (fossil energy sources or energy sources that are depleted and there is no possibility to regenerate), 

could be the following: 

1. extremely low pollution and environmental impact; 

2. they can ensure energy independence; 
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3. they can provide energy to activities carried out in territories where there is no possibility of 

connection to the electricity grid; 

4. new branches of industry can be developed; 

5. they are sources of income; 

6. they are easily renewable. 

Often, the use of renewable energy sources requires a higher financial effort, incurring additional 

costs with the distribution and recovery of this type of energy. As a result, such projects involve financial 

solutions to reduce payback periods and increase economic performance. 

In this context, this article analyses the behaviour of a rechargeable battery, used as the main 

energy source for the prototype of the electric tractor developed within INMA Bucharest. 

 
MATERIALS AND METHODS 

 For the tests, a prototype general purpose electric tractor was used fitted with a 4-speed gearbox for 

going forward and a shifter to be able to use the 4 gears for reversing (with 4X4 traction), an asynchronous 

three-phase model AME200 electric motor of 16kW which is controlled by a Curtis controller and a 144V, 120 

A rechargeable battery controlled by a management system (battery management system BMS) model Orion 

2 (https://www.orionbms.com/products/orion-bms-standard/) used to charge the battery using a 6.6 kW 

(6.6KW HK-J) charger. 

 The figure below shows the electric tractor used in the tests. 

 
Fig. 2 - The prototype electric tractor used in the tests 

 

The prototype general purpose electric tractor has been designed to be used with electric motors 

with powers from 6kW to 50kW, has 4X4 traction, hydraulic system for both power steering and agricultural 

equipment that can be connected to the tractor and a PTO with 2 speeds (540 and 1000 rpm). Given that 

this tractor is designed to use only the electrical power generated by a battery, all electronic subsystems are 

designed for low power consumption. The main technical characteristics of the electric tractor are: 

- Maximum length:   3330 mm; 

- Maximum width:   1530 mm (with mirrors 1730 mm); 

- Maximum height (cabin):  2530 mm; 

- Wheelbase:    2020 mm; 

- Gauge:    1280 mm front; 1250 mm rear; 

- Ground clearance:   260 mm (front); 

- Total weight:   1970 kg; 

- Maximum speed from GPS:  28 km/h. 

 

 The battery used is built from 10 3.6V cells mounted in series; there are 4 such packages that are all 

connected in series. At the cell level there is a temperature sensor used by the BMS to accurately monitor 

the "health" status of each cell. Also, with the help of specialized sensors, the BMS has information on the 

state of charge of each cell. 

 The figure below shows the construction of the battery. 

https://www.orionbms.com/products/orion-bms-standard/
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Fig. 3 - 144V battery 

 

When charging the battery, a 6.6 kW charger is used which, with the help of a control network 

(Controller Area Network, CAN Bus), communicates with the BMS and the motor controller to determine the 

charging mode according to the existing power of the mains. Battery parameters are saved and archived on 

an SD card, and can be viewed with a computer using specialized software 

 The connection block diagram is shown below (figure 4) (cdn.shopify.com/ s/files/1/1820/0269/files/ 

orionbms 2_wiring_ and_ installation_ manual.pdf ?1289632542684048831 ). 

 
Fig.4 - System connections 

 

During the experiments the following parameters were observed: 

1. The time required to charge the battery; 

2. Operating time of the battery on the tractor without load, on level ground; 

3. Operating time of the battery on the tractor, having different loads and on rough terrain; 

4. Maximum traction force on asphalt, until loss of traction; 

5. Maximum traction force in the field, until loss of traction. 

 Prior to the start of the test, the battery was subjected to a series of three charge-discharge cycles 

on the test bench for the batteries, in this way the cells that make up the battery are brought into a normal 

mode of operation, thus avoiding the possibility of occurrence during the tests of errors that could alter the 

final results. The charger used has a maximum power of 6.6 kW, is designed to charge LiFePO4/lithium cell-

based batteries and is thus designed to communicate with the battery management system. It is a charger 

that has a high efficiency, high stability, small size and high degree of protection (IP67). It also has an energy 

efficiency of up to 95% and only 93% at maximum power, operating over a wide range of input voltages 

AC90V ~ AC400V 45 ~ 65 Hz, with high tolerance to fluctuations in electrical networks. It has intelligent 

functions including the possibility of temperature compensation in the charging process, preventing battery 

damage caused by excessive charging, considerably extending battery life. 
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 The tractor's electric motor controller receives signals from the battery management system, 

including the battery state of charge (SOC), discharge values, terminal voltage and temperature. According 

to the information received through the CAN, the monitoring and protection functions are activated for the 

system, as a whole, to operate safely. 

The control system monitors the current, voltage and temperature of the motor and other electrical 

equipment, which simultaneously send signals to the electronic controller to check the safety of the electrical 

circuit of the equipment (Yanni C., 2016). 

Table 1 

The main technical characteristics of the charger 

Technical data Value 

AC input voltage AC90 V~AC400 V 

AC frequency input 45~65 Hz 

AC power factor ≥0.98 

Maximum load efficiency ≥93% 

IP protection rating IP67 

Operating temperature -400C….+550C 

Storage temperature -400C…+1000C 

Mechanical dimensions (mm) 353(L)*230(W)*160(H) 

Net weight 17 kg 

 

Battery parameter visualization software is provided by Ewert Energy Systems, Inc. at 

https://www.orionbms.com. This software will continue to be used to study the battery. 

 

RESULTS 

 During the charging tests from a 220 V and 32 A source, an average of 125 minutes required to 

charge the battery from 10% to 90% of maximum capacity was measured.  

 The power consumed from the energy source is: 

P=UI, (W)      (1) 

PC=PK, (W)       (2) 

where   

P- power consumed from the power supply; U- power supply voltage, 220V 

I- power supply current, maximum 32A; PC- power charged by the charger 

K- loader efficiency coefficient, 0.93% 

 The graph below shows the voltage of the battery during a 90-minute charge. (figure 5). 

 

 
 

Fig. 5 - Battery charging voltage 

 

Battery charging limits are set by software according to the characteristics of each battery and all 

these parameters are stored in the internal memory of the BMS. The entire BMS controls the current and 

voltage values that the charger delivers to the battery. 

An example of charging current control is shown in figure 6, for which in settings the maximum 

charging current was set to 100 A. 
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Fig. 6 - Charging current limitation 

 

 After charging the battery to 90%, the tractor has been moved on level ground, on asphalt and 

arable land to establish the autonomy of the battery when the tractor has no other load than that required for 

self-driving. The maximum speed achieved by the electric tractor prototype was 24 Km/h, the speed 

indicated by GPS. The tractor operated in these conditions for 260 minutes until the battery reached 10% 

state of charge. The figures below show the voltage variations that occur at different tractor loads and the 

voltage drop over time. It can be observed that at the cell level, in percentages, the same voltage variations 

occur. 

 
Fig. 7 - Voltage variation during operation for 160 minutes, tractor prototype 

 

 
Fig. 8 - Variation of voltage at cell level during operation for 160 minutes 

 

 During the next charge of the battery, up to 90% of capacity, a power source of 220V and 16A was 

used, resulting in a charging time of 254 minutes. 

 The load test was performed with an empty trailer, weighing 1800 kg, to which were added standard 

weights totalling 2000 kg. The route was made on flat land (asphalt and agricultural land), rough terrain and 

arable land. The tractor operated in these conditions for 217 minutes. 

 In figure 9 a decrease in voltage can be seen, when the tractor has a load for 60 minutes, it goes 

from 164.8V to 161.2V with peak voltage drops of up to 159.8V. 
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Fig. 9 - Voltage variation in one hour of operation with load 

 

 Current consumption under the same conditions can reach peaks of up to 61A, this is highlighted in 

figure 10. 

 

 
 

Fig. 10 - Current variation in one hour of operation with load 

 

 

 Another charging test was performed using a 6Ah power outlet. Using this power source, the battery 

had to be charged for 11 hours to reach 90% state of charge. The graph below shows 5 hours of charging. 

 

 
 

Fig.11 - Amperage graph during 5 hours of charging 
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 The figure below shows the voltage increase graph when charging from a 6Ah source: 

 
 

Fig. 12 - Voltage graph during 5 hours of charging. 

 

 After the battery was charged to 90% capacity, the tractor was used for one of the heaviest tasks 

that can be assigned to a tractor, namely the basic tillage (ploughing), for about an hour. The surface shown 

was 2000 sqm, the working depth of the reversible plough with two furrows being 20 cm. 

 During this task, the battery power consumption was monitored. The current consumption is shown 

in figure 13; the current peaks that occur at high loads, reaching over 400A, can be clearly seen. 

 

 
 

Fig. 13 - Ploughing current consumption 

 

 In addition to the current, we also have the voltage variation that occurs for the load conditions to 

which the tractor is subjected, figure 14 showing the voltage drop while the tractor was ploughing. Under 

these conditions, the voltage drop in 80 minutes is 8.6V, from 157.8 to 149.2V with a peak drop of up to 

138.2V. 

 
 

Fig. 14 - Voltage drop during ploughing 
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 Globally, research in the field of tractor construction is aimed at optimizing fuel consumption, 

reducing maintenance costs, increasing the interval between overhauls and thus increasing the number of 

operating hours of tractors. Research into the construction of tractors aims not only to increase economic 

efficiency but also to drastically reduce the pollution generated by the production of a tractor but also the 

pollution produced by a tractor over the entire period from the sale of the tractor to decommissioning. 

 Thus, in order to assess the actual power of a tractor, tests are carried out by means of the drawbar 

under controllable and well-established conditions. Force measurement may also be performed with 

dynamometric vehicles (DV) which are vehicles specially instrumented and designed to measure the 

horizontal force on the traction of agricultural tractors. The CREA laboratory in Treviglio, Italy, has designed 

a new torque tester for tractors with up to 200 kW (245 kW at the wheel) and a maximum traction force of 

118 kN (12032.65 kgf) (Cutini M. and Bisaglia C., 2016). 

 The traction test was performed on asphalt, the traction tires used were size 11.2-24 on the rear axle 

and 6.00-16 on the front axle. As the front axle load is low for this type of tractor, the use of wheels with a 

diameter equal to that of the rear wheel is not justified (Duțu M.F., at al, 2019). The traction test was 

performed on agricultural land in the same atmospheric conditions, the temperature in the atmosphere being 

23.1 degrees Celsius and air humidity 45%. The dynamometer used had a measuring range of 50 kN with a 

division of 0.5 kN. 

 The tests were carried out by loading the tractor with a fixed load mounted on the ground and 

coupled to its drawbar. The forces were noted when the slip phenomenon appeared on the drive wheels. 

The object of the study being the behaviour of the battery, the experimental determinations did not take into 

account the necessary conditions for the exact determination of all the forces that appear in the tractor-load 

system. 

 The following forces resulted from the traction test: 

1. Asphalt traction 15 kN (1529 kgf) with 4X2 and 16.5 kN (1682 kgf) with 4X4; 

2. Traction on agricultural land 18kN (1835 kgf) with 4X2 and 21.5kN (2192 kgf) with 4X4. 

 Instantaneous energy consumption when the tractor is subjected to extreme loads, on asphalt with 

4X2 traction and maximum slip, is shown in the graph below. 

 

 
Fig. 15 - Current consumption of the electric tractor prototype at maximum load 

 

 The maximum battery current was 71.7 A, the average voltage was 151.5 V resulting in an 

instantaneous consumption of 10.9 kW. This consumption was recorded at the time of the 4X2 traction test 

on paved terrain. 

 

CONCLUSIONS 

 After all the tests performed, it can be considered that a general-purpose tractor chassis can be 

electrically operated from batteries. 

According to the charging / discharging graphs as well as the behaviour in real conditions, it can be 

said that the battery behaves within normal limits, compared to the results obtained by other electric tractor 

developers. Charging up to 90% of total capacity took 3 hours, which is the average charging time obtained 

by other equipment of the same type. The average operating time on duty was approximately 4 hours, being 

an autonomy that falls within the average reported values in other scientific papers. 
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 The advantages of using the electric tractor, especially indoors, are clearly superior to a traditional 

tractor. In closed spaces, such as greenhouses or solariums, charging stations with power supplied by the 

national network or renewable sources can be placed to use the time when the machine is not in use results 

in an increase of efficiency. If the tractor is used in the open field, there is even the possibility of bringing 

mobile charging stations that can be located as close as possible to the place where these machines are 

used, to use solar or wind energy in order to produce the energy needed to charge the batteries. 

 The best advantage of electrically powered tractors is the lack of emissions into the atmosphere. 

Another positive aspect is the low impact on the ground because when the machine is powered by a battery 

there is no risk of fossil fuels leaking that may reach the work surface by mistake or as a result of an 

accident. The tested battery managed to complete the proposed tasks in conditions very close to normal. 

Battery manufacturing technologies being in full development will surely end up with a much shorter charging 

time, extended operating time and a much longer operating time. These things combined with the declining 

price of batteries will make them a very good replacement for fossil fuels. Also, the replacement of fossil 

fuels with batteries is already a necessary thing if we look at it from the point of view of pollution. At the 

moment, the production, integration and use of electricity as fuel may seem financially expensive and 

inefficient, but the long-term calculation shows that, on the contrary, this technology will bring great financial 

benefits and especially in terms of environmental impact. 
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ABSTRACT  

 Based on the split-stream rushing principle and multi-unit coupling theory, a new type of coupled 

muffler for diesel engine was designed, and the experimental study on the acoustic performance and 

exhaust resistance performance was completed. The results show that the growth rate of insertion loss of the 

coupled muffler within 200 Hz is 34.01% compared to the original muffler. The average fuel consumption 

reduction rate of the diesel engine with the coupled muffler is 19.16% lower than that of the original muffler. 

Therefore, the coupled muffler can achieve the comprehensive goal of good acoustic performance and low 

exhaust resistance. 

 

摘要 

 依据分流气体对冲原理和分级耦合理论设计了一种柴油机新型耦合消声器，完成了声学性能和排气阻力

性能的试验研究。结果显示，新型消声器在 200Hz 内插入损失相对于原机消声器的增长率为 34.01%。柴油机

安装耦合消声器后相比原机消声器的平均油耗降低率为 19.16%。耦合消声器通过降低消声器内气流速度可以

实现声学性能好且排气阻力低的综合目标。 

 

INTRODUCTION 

Diesel engines are still widely used in current transportation vehicles and agricultural machinery, but 

the noise of diesel engine is loud, and the main source of the noise is exhaust noise (He Su et al., 2020). 

Generally, reactive mufflers are installed to control the exhaust noise of diesel engines, but the 

traditional reactive mufflers existing have their own defects, and a single structure cannot meet the 

requirements of good acoustic performance in wide frequency range (Yongan Zhang et al., 2017). 

At present, passive mufflers are still widely used. Its noise elimination mechanism is to eliminate 

noise through the destructive interference of pressure waves and prevent sound energy from continuing to 

be transmitted downstream. In recent years, a large number of researches on passive mufflers have been 

carried out, but there is no major change in the principle of passive muffler. The main work is focused on 

optimizing the internal structure of the muffler to further improve its performance. For example, an expansion 

chamber structure with two inlets and one outlet was designed to optimize the insertion loss of muffler (Hua 

X. et al., 2014), a type of multi-chamber perforated resonator (MCPR) was used to attenuate broadband 

noise (Rong Guo et al., 2016), a multi-chamber micro-perforated muffler with adjustable transmission loss 

was studied (Longyang Xiang et al., 2017), a simple expansion chamber muffler with U-shaped corrugated 

pipes was applied and its experiments of the comprehensive performance were carried out (Fei Xue et al., 

2018), the acoustic attenuation characteristics of three-pass mufflers with perforated inlet and outlet tubes 

were analysed (Yiliang Fan et al., 2019). 

In recent years, noise control idea of dual-mode mufflers or semi-active mufflers has been proposed 

to improve noise control of low frequency. A cross-flow semi-active impedance compound muffler was 

proposed and its internal structural parameters could be changed to adjust the noise sound pressure level 

and frequency characteristics at the outlet (Xiaotian Bai, 2016), and a semi-active muffler based on HQ tube 

to control low-frequency noise in the exhaust pipe was proposed, but the results showed that the acoustic 
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performance of the semi-active muffler above 350 Hz was poor compared with the passive muffler (Yawei 

Zhu et al., 2017). 

The sound elimination principle of the active muffler is to generate a sound wave with the same 

magnitude and opposite phase as the original sound pressure through the active system to cancel out the 

original sound field in a certain area. However, the active muffler has not been well applied and promoted, 

which includes the accuracy of the addition of secondary sound field, signal detection of the original noise 

field and the controller design. At the same time, the exhaust system of diesel engine is under severe 

condition of high temperature, high pressure, high speed, strong chemical corrosion, large smoke and dust, 

which causes many difficulties in the realization of active mufflers (Zhu Congyun et al., 2017; Sang-Myeong 

Kim., 2018). 
It can be seen that the existing passive, semi-active and active mufflers have their own advantages 

and disadvantages. The noise reduction performance still needs to be improved and the stability of the low-

frequency noise reduction effect for diesel engines should be improved. 

Moreover, it is found that if the noise attenuation performance of a wide frequency band is guaranteed, 

the pressure loss of the muffler is often too large (He Su et al., 2018). The most critical factor affecting the 

overall performance of the exhaust muffler is the airflow velocity in the muffler (Pei Wu et al., 2010). In view 

of this, our research group has proposed a new type of split-stream-rushing exhaust muffler unit, which can 

effectively reduce the flow velocity of the internal muffler (Yongan Zhang et al., 2018). 

As we all know, a complete diesel exhaust muffler is composed of several muffler units, and a 

separate split-stream-rushing muffler unit also needs to be coupled with a traditional reactive muffler unit to 

form a complete muffler. Based on this, a structure of a new type of coupled muffler for diesel engine is 

proposed in this paper, and the multi-unit coupling problem of the split-stream-rushing muffler unit and the 

traditional reactive muffler units to achieve better acoustic performance in wider frequency band and lower 

exhaust resistance at the same time. The airflow velocity in the muffler will be reduced through split-stream-

rushing muffler unit in front to avoid excessive airflow regeneration noise and exhaust back pressure, and 

then acoustic performance of the low frequency will be further improved through a small amount of traditional 

reactive muffler units so as to achieve comprehensive improvement of acoustic performance and exhaust 

resistance performance. 

 
MATERIALS AND METHODS 

MODEL DESIGN OF COUPLED MUFFLER 

In order to reduce the middle and low frequency noise and some high-frequency noises of diesel 

engines, the new coupled muffler structure of diesel engines proposed by the author was to couple the outlet 

of the split-stream-rushing unit with an expansion chamber unit with intubation. In order to facilitate the test 

comparison, the chamber volume, length and internal diameter of the exhaust pipe of the coupled muffler for 

the diesel engine were all consistent with the original engine muffler. The design calculations of the internal 

structure parameters of the coupled muffler were completed by the design principle of muffler and multi-unit 

coupling theory. In order to reduce the exhaust resistance, according to the characteristics of the fluid, each 

cross-sectional area of the exhaust airflow flowing through the interior of the muffler was greater than or 

equal to the inlet cross-sectional area of the muffler. The structural optimization model of the coupled muffler 

was obtained by calculations. The structure diagram of the coupled muffler was shown in Fig.1. 

 
Fig. 1 - Dimensional diagram of coupled muffler models 
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As shown in figure 1, the length of the front tube of the muffler L1=65 mm, the diameter of the front 

tube of the muffler D1=58 mm, the length of the conical ring of the split-stream-rushing muffler unit L2= 42.5 

mm, the inner diameter of the annular cavity of the split-stream-rushing muffler unit D2=85 mm, the outer 

diameter of the annular cavity of the split-stream-rushing muffler unit D3=143 mm, the length of the annular 

cavity of split-stream-rushing muffler unit L7=267.5 mm, location dimension of the two sets of rushing holes 

L3= L4=89 mm, the distance between the two sets of rushing holes L5=89.5 mm, the Length dimension of 

rectangular rushing holes L9=50.5 mm, width dimension of rectangular rushing holes L10=14 mm, outlet 

diameter of split-stream-rushing muffler unit D4=62 mm, total length of split-stream-rushing muffler unit L’ 

=310 mm, diameter of expansion chamber unit D5=143 mm, the length of expansion chamber unit L6=310 

mm, the length of intubation at the entrance of expansion chamber unit L11=155 mm, the length of intubation 

at the exit of expansion chamber unit L12=77.5 mm, the length of straight tube in the middle of the expansion 

chamber unit L13=77.5 mm, diameter of tail pipe D6=65 mm, outlet length of tail pipe L8=700 mm. 

Based on the structural model of the coupled muffler, the new muffler of diesel engine was trial-

produced. The four-cylinder diesel engine was used as a prototype to carry out comparative tests of the 

acoustic performance and exhaust resistance performance of the new muffler and the original muffler. 

EXHAUST NOISE TEST 

Noise test method 

The insertion loss which is widely used in field measurement to test and evaluate the acoustic 

performance (Zhenlin Ji, 2016) of the coupled muffler was used in exhaust noise tests of the tractor in this 

research. The prototype of DF 900 tractor equipped with LR 4M5-23 four-cylinder diesel engine was used to 

complete the comparison test verification of the new muffler and the original muffler, including acoustic 

performance tests and exhaust resistance performance tests. 

The required equipment includes: LR 4M5-23 diesel engine (rated power 66.2 KW, rated speed 

2300r/min, fuel consumption rate≤235g/KWh), the coupled muffler, alternative straight pipe, lateral exhaust 

conversion tube, microcomputer multifunctional fuel consumption meter (JWY-1, China) and non-contact 

photoelectric tachometer (DT2234B, China), opacity meter (NHT-6, China), 2250 handheld noise analyser 

(B&K, Denmark), 4189 microphone (B&K, Denmark), 4231 calibrator (B&K, Denmark), tripod, heat-resistant 

silencer cotton, disassembling tools. 

Putting the tractor indoors was equivalent to shielding the noise of the diesel engine and its auxiliary 

equipment to achieve the separation of exhaust noise and other noise sources. The exhaust pipe was 

outdoors, there were no other sources of interference noise outside, and there were no reflectors within 5 

meters around the exhaust pipe interfering with the exhaust noise test. The test environment was similar to 

the free sound field, and the exhaust noise of the muffler was tested. The coupled muffler, the original muffler 

and the straight pipe were installed to the lateral exhaust conversion pipe of the LR 4M5-23 diesel engine in 

order. The measurement point of the BK2250 sound level meter was kept at 45° from the axial direction of 

airflow from the exhaust tailpipe, the distance was 0.8m. The height measuring point from the ground was 

1.25m, and the distance to the attenuator was 0.57m and the same position of measuring point was 

maintained in all noise tests. 

The exhaust noise tests of the new muffler, the original muffler and the straight pipe were completed at 

idle speed of 750 r/min, intermediate speed of 1500 r/min, and rated speed of 2300 r/min. Photos of mufflers 

for DF 900 tractor were shown in Fig.2. 

   
a) Original muffler                                               b) Coupled muffler 

Fig. 2 - Photos of mufflers for DF 900 tractor 

RESULTS 

Comparison tests of insertion loss 

From the 1/3 octave exhaust noise spectrum of the original muffler, coupled muffler and alternative 

straight pipe at three rotation speeds, the insertion losses of the original muffler and coupled muffler were 

obtained respectively. The exhaust noises of the original muffler and the new muffler in tests were all more 
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than 10 dB higher than the background noise at the corresponding speed. Therefore, no background noise 

corrections were required in the exhaust noise tests (Zhenlin Ji, 2016). Photos of insertion loss test were 

shown in Fig.3. 

   
a) Exhaust noise test of coupled muffler 

   
b) Exhaust noise test of original muffler 

Fig. 3 - Photos of insertion loss test for mufflers 

 

Exhaust noise spectrum analyses at each speed 

The frequency spectrums of 1/3 octave of the same measuring point at three rotation speeds of the 

coupled muffler and the original muffler were shown in Fig.4-Fig.6. At 750 r/min, 1500 r/min, and 2300 r/min, 

the average sound pressure levels of the coupled muffler within 2000Hz were lower than that of the original 

muffler. 

The average sound pressure levels of the coupled muffler within 2000Hz at three speeds were 60.52 

dB, 63.22 dB, 70.29 dB, the corresponding average sound pressure levels of the alternative straight pipe 

were 86.24dB, 90.01 dB, 94.01 dB, and the average sound pressure levels of the original muffler at three 

speeds were 64.88 dB, 67.34 dB, 74.16 dB, so the average sound pressure levels of the coupled muffler at 

each speed within 2000 Hz were reduced by 25.72 dB, 26.79 dB, 23.75 dB compared to the straight pipe 

and the coupled muffler reduced the average sound pressure levels within 2000 Hz at three speeds by 4.36 

dB, 4.12 dB, 3.87 dB compared with the original muffler. 

Moreover, the coupled muffler significantly reduced low-frequency noises. The average sound 

pressure levels of the coupled muffler at three speeds within 200 Hz were 71.68 dB, 72.19 dB, 76.67 dB, 

while the average sound pressure levels of the original muffler were 77.67 dB, 79.70 dB and 83.73 dB. The 

average sound pressure levels of the coupled muffler within 200 Hz at three speeds were reduced by 5.99 

dB, 7.51 dB, and 7.06 dB respectively compared to the original muffler. It could be seen that the attenuation 

of low-frequency noise by the coupled muffler at each speed was significantly better than that of the original 

muffler. 
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Fig. 4 - Comparison of noise spectrum at idle speed 

 
Fig. 5 - Comparison of noise spectrum at 1500r/min 

 
Fig. 6 - Comparison of noise spectrum at 2300 r/min 

 

Since the exhaust pressure pulsation noise appears as periodic low-frequency noise, the control of the 

fundamental frequency noise can reflect the acoustic performance of the exhaust muffler. According to the 

calculation formula of the fundamental frequency of exhaust noise, 60/1 nZf = , where: n is the engine 

speed (r/min); Z-the number of cylinders;  -the stroke coefficient, 4 stroke  =2 (Zhihua Zhang et al., 1999). 

From this, the exhaust noise fundamental frequencies of the LR 4M5-23 diesel engine at idle speed, 

intermediate speed and rated speed could be obtained respectively, and then the corresponding exhaust 

noise conditions at three speeds could be analyzed. At idle speed 750 r/min, the fundamental frequency f1 of 

the exhaust noise was 25 Hz, and the sound pressure level corresponding to this fundamental frequency 

was the low frequency noise peak of the diesel exhaust noise spectrum of the diesel engine, which was 

107.04 dB, so the control of fundamental frequency noise at 25 Hz at idle speed was a key to reflect the 
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noise reduction performance of the muffler. The sound pressure level of the original muffler at the 

fundamental frequency of 25 Hz was 91.83 dB, which was still the peak of the noise in the spectrum. The 

average value of the sound pressure level of the original muffler within 50 Hz was relatively high, which was 

88.39 dB, so it’s attenuation effect of low-frequency target noise was limited. The noise sound pressure level 

of the new muffler corresponding to the fundamental frequency of 25 Hz was 78.82 dB, which was 13.01 dB 

lower than that of the original muffler. 

In the same way, the fundamental frequency f1 of the exhaust noise of the diesel engine at 1500 r/min 

and rated speed of 2300 r/min was calculated as 50 Hz and 76.67 Hz, and the corresponding low-frequency 

noise peaks at these two speeds appeared at 50 Hz in exhaust noise tests, and the noise peaks were 

109.03 dB and 111.25 dB respectively. The sound pressure levels of the coupled muffler at the fundamental 

frequency of 50 Hz were 88.16 dB and 82.96 dB, which were 6.87 dB and 17.92 dB lower than that of the 

original muffler. The new muffler greatly attenuated the low-frequency noise peaks. The new type muffler 

was also superior to control the fundamental frequency noise at each speed compared with the original 

muffler. 

Analyses of insertion loss at each speed 

The comparison curves of the insertion losses at three rotation speeds between the coupled muffler 

and the original muffler were shown in Fig.7-Fig.9. 

 
Fig. 7 - Contrast curve of insertion loss at idle speed 

 
Fig. 8 - Contrast curve of insertion loss at 1500r/min 

 
Fig. 9 - Contrast curve of insertion loss at 2300r/min 

 

It could be seen from the insertion loss comparison curves of the new muffler and the original muffler 

at three rotation speeds that the insertion loss of the low frequency band of the new muffler within 200 Hz 

was better than that of the original muffler, and noise reduction of rest frequency band in 2000 Hz was also 

good compared to the original muffler, and the insertion losses at the fundamental frequency noise at each 

speed had been significantly improved. It could be found that the coupling structure of the new muffler was 
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conducive to the improvement of the acoustic performance of the diesel engine. The average insertion 

losses of the coupled muffler within 2000 Hz at 750 r/min, 1500 r/min and 2300 r/min were 25.72 dB, 26.80 

dB, 23.72 dB. Compared with the original muffler, the average insertion loss of the new muffler was 

increased by 4.35 dB, 4.98 dB and 3.88 dB. The insertion losses of the new muffler at three speeds within 

200 Hz of target frequency band were 26.69 dB, 29.30 dB, 25.81 dB respectively, which were 5.99 dB, 8.11 

dB and 7.06 dB higher than that of the original muffler. The average insertion losses of the coupled muffler at 

three speeds within 50 Hz were 29.19 dB, 24.08 dB, and 20.67 dB, which were 13.08 dB, 7.85 dB, and 9.25 

dB higher than that of the original muffler. The insertion losses of the coupled muffler about the fundamental 

frequency noise at three rotation speeds were 28.22 dB, 20.87 dB and 28.29 dB, which were 13.01 dB, 8.87 

dB and 17.92 dB higher than that of the original muffler. 

The comparison data of the average sound pressure levels (SPL) and the average insertion losses (IL) 

of the new muffler and the original muffler at each speed were shown in Table1 and Table 2 below. 

Table 1 
Analyses of insertion loss at different speeds 

Testing 
object 

750 r/min 1500 r/min 2300 r/min 

SPL 
[dB] 
(A) 

IL in 
2000Hz 
[dB] (A) 

IL in 
50Hz 

[dB] (A) 

SPL 
[dB] 
(A) 

IL in 
2000Hz 
[dB] (A) 

IL in 
50Hz 

[dB] (A) 

SPL 
[dB] 
(A) 

IL in 
2000Hz 
[dB] (A) 

IL in 
50Hz 

[dB] (A) 

Straight 
pipe 

86.24 - - 90.01 - - 94.01 - - 

Original 
muffler 

64.88 21.37 16.11 68.19 21.82 16.23 74.16 19.84 11.42 

Coupled 
muffler 

60.53 25.72 29.19 63.22 26.80 24.08 70.29 23.72 20.67 

 
Table 2 

Analyses of insertion loss at different speeds 

Speed [r/min] 
IL within 200Hz [dB] (A) 

Growth rate of IL [%] 
Original muffler Coupled muffler 

750 20.70 26.69 28.94 

1500 21.19 28.70 35.44 

2300 18.75 25.81 37.65 

 

The growth rate of the insertion loss of the coupled muffler within 200 Hz of target muffling frequency 

band at three rotation speeds were 28.94%, 35.44% and 37.65% respectively. The growth rate of insertion 

loss increased with the engine speed, because the higher the engine speed, the higher the airflow velocity at 

the muffler inlet, the greater the contribution of reduction of the internal velocity through the coupling 

structure, and the more obvious the effect of controlling the airflow regeneration noise, the acoustic 

performance of the diesel engine at high speeds was improved. 

Compared with the original muffler, the average growth rate of insertion loss of the new muffler within 

2000 Hz was 20.77 %, and the average growth rate of insertion loss of the target muffler frequency band 

within 200 Hz was 34.01 %. The average insertion loss within 50 Hz at three speeds was 68.95% higher than 

that of the original muffler. It could be seen that the full-band noise reduction performance and low-frequency 

noise reduction performance of the coupled muffler were significantly better than that of the original muffler, 

which was more suitable for the attenuation of low-frequency target noise for diesel engines. 

COMPARISON TESTS OF EXHAUST RESISTANCE PERFORMANCE 

In the comprehensive performance analysis of the coupled muffler, the exhaust resistance 

performance of the new muffler at each speed of the actual diesel engine needs to be evaluated. The 

variation in fuel consumption can be used to assess the pressure loss of the muffler. The fuel consumption is 

directly related to the power loss and the exhaust back pressure (Wu Guipei et al., 2008). The fuel 

consumption of a diesel engine equipped with a new muffler can reflect the overall change in its aerodynamic 

performance. 

In this research, the diesel fuel consumption meter was used to test the fuel consumption index of 

LR4M5-23 four-cylinder diesel engine at various speeds, and the effects of the coupled muffler and the 

original muffler on the exhaust resistance of the four-cylinder diesel engine were analyzed. 
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Experimental approach of fuel consumption 

JWY-1 microcomputer multifunctional fuel consumption meter was connected to the fuel circuit of the 

diesel engine. The test devices of fuel consumption meter were shown in Fig.10. The resolution of the fuel 

consumption meter is 0.1mL, the maximum flow rate is 60 L/h, and the measurement uncertainty is ± 1%. 

r      
a) Fuel consumption test system           b) Pipeline connection of fuel consumption meter 

Fig. 10 - Photos of fuel consumption test 
 

After the fuel consumption meter is connected to the fuel pipeline, it is necessary to press the manual 

fuel pump several times to eliminate the air in fuel circuit of the diesel engine, so that the engine can start 

normally. After 15 minutes of stable operation, the fuel consumption records are started to ensure the 

accuracy of the fuel consumption tests. The JWY-1 microcomputer multi-function fuel consumption meter is a 

digital display that can display and record three test parameters, including test time, fuel consumption L 

within the test time t, and fuel consumption per hour G. The test time t was set to 60 s, and the fuel 

consumption L (mL) and fuel consumption per hour G (L/h) were recorded, the fuel consumptions at each 

speed were recorded in three times, and the average value was taken. 

The fuel consumption rate (specific fuel consumption) is the mass of fuel consumed (in units of g) in 

one hour for every 1 kW of effective power from the engine, and its unit is g/(kW·h). Specific fuel 

consumptions of the diesel engine equipped with the new muffler and the original muffler at the rated speed 

were further calculated. Based on the density of No. 0 diesel, which is 0.835 g/ml, the effective power Pe 

corresponding to 2300 r/min of the rated speed of LR4M5-23 four-cylinder engine is 66.2 kW.  

The conversion formula of G and be is as follows: 

be = 1000 × 0.835 × G/Pe=835G/66.2    (1) 

where: G is fuel consumption per hour, L/h; Pe is effective power, kW. 

The fuel consumption rate of diesel engines is generally 200…260 g/kWh, and the economy is better 

when the fuel consumption of the engine is lower. The fuel consumption rate of LR4M5-23 four-cylinder 

diesel engine is no more than 235 g/kWh. 

Comparison results of fuel consumption 

The average values of fuel consumption L at 60 seconds and fuel consumption per hour G of the diesel 

engines equipped with the coupled muffler and the original muffler at idle speed of 750 r/min, intermediate 

speed of 1500 r/min, and rated speed of 2300 r/min were shown in Table 3. 

Table 3 
Comparison of fuel consumptions 

Speed n [r/min] 

L [mL] G [L/h] 

Original 
muffler 

Coupled 
muffler 

Original 
muffler 

Coupled 
muffler 

Reduction 
rate of G 

750 223.92 162.50 13.44 9.75 27.46% 

1500 233.51 191.34 14.01 11.48 18.06% 

2300 272.04 239.36 16.32 14.36 11.96% 

 

The effective fuel consumption rate (specific fuel consumption) of the diesel engine equipped with the 

original muffler was: be = 835G/66.2=835×16.32/66.2=205.85 g/(kW·h). 
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The effective fuel consumption rate of a diesel engine equipped with the new muffler was: 

be = 835G/66.2=835×14.36/66.2=181.13 g/(kW·h) 

Furthermore, the effective fuel consumption rate of the diesel engine equipped with the new muffler at 

the rated speed was calculated to be 19.16% lower than that of the original muffler. 

From the statistical results above, it could be seen that the fuel consumption L and G of the diesel 

engine with new muffler at three different speeds were both lower than that of the original muffler. And the 

lower the engine speed, the higher the reduction rate of fuel consumption, fuel consumption decreased the 

most at idle speed, and the effective fuel consumption rate at rated speed had also been significantly 

reduced. Compared with the original muffler, the fuel consumptions of the diesel engine equipped with the 

coupled muffler were significantly reduced, indicating that the pressure loss and power loss of the diesel 

engine with the new muffler were smaller than that of the diesel engine equipped with the original muffler. 

The new muffler can achieve the goals of good noise reduction performance and low exhaust resistance by 

reducing the airflow velocity in the muffler, and improve the overall performance of the muffler. 

Simulation verification of the flow field in the muffler 

Through the simulation analyses of the aerodynamic performance of the new muffler, the changes of 

the flow field in the new muffler under the common inlet airflow velocity of 0-50 m/s in diesel engines were 

discussed, and the velocity field and pressure field of inlet velocity at 50 m/s were shown as an example. It 

was verified that the pressure loss could be effectively controlled by reducing the airflow velocity in new 

muffler, thereby achieving an improvement in fuel consumption. The velocity cloud diagram and the full 

pressure cloud diagram of the new muffler at an inlet velocity of 50m/s were shown in Fig.11 and Fig.12. 

From the analysis of Figure 11 and Figure 12, it could be seen that the inlet pressure was about 

4500Pa at the inlet velocity of 50 m/s, and there was a partial pressure loss when the airflow velocity was 

slightly increased at the first bend of the conical ring.  

 
Fig. 11 - Velocity contours at inlet velocity of 50 m/s 

 

 
Fig. 12 - Total pressure contours in the muffler unit at inlet velocity of 50 m/s 

 

After the airflow entered the two sets of opposing holes, the reverse airflow accelerated to rush at a 

velocity of about 71.8 m/s, and the pressure value dropped from 3320 Pa to 1740 Pa. After the rushing, the 

velocity in the central area decreased significantly to about 3.99 m/s, and the pressure returned to about 

3500 Pa. There was a short acceleration after the airflow changed into an axial flow. The velocity at the 

junction of the front and rear muffler units was about 31.9 m/s, and the pressure here was reduced to 

1740Pa. There was a brief acceleration phenomenon at the inlet of the inner cannula from the rear section, 

and then the velocity dropped to 35.9 m/s and this velocity was maintained to reach the outlet of the tail pipe. 

The outlet pressure was about -224 Pa, therefore, the total pressure loss of the new muffler at an inlet 

velocity of 50 m/s was 4724 Pa, and the pressure loss was well controlled. 

 It is verified that the airflow velocity of the coupling structure in the new muffler can be quickly reduced, 

which effectively controlls the pressure loss, exhaust back pressure and fuel consumption. 
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CONCLUSIONS 

The acoustic performance, exhaust resistance and economy of the new muffler are superior to the 

original muffler. It can be seen that the new muffler is more conducive to the attenuation of low-frequency 

noise of diesel engines. The use of the new muffler reduces the engine exhaust back pressure and power 

loss. The coupled muffler can achieve the comprehensive goal of good acoustic performance and low 

exhaust resistance by reducing the airflow velocity in the muffler. It is verified that the design of the coupled 

muffler based on the split-stream rushing principle and multi-unit coupling theory is reasonable and feasible. 
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ABSTRACT  
 The quality of tobacco baking is one of the important factors affecting the economic benefits of 

tobacco enterprises. Because of the low efficiency of traditional manual baking methods and the poor quality 

of tobacco, the economic benefits of tobacco enterprises and tobacco farmers are also greatly affected. In 

view of this, this research takes the temperature and humidity control as the research object, and proposes 

an agricultural intelligent tobacco house temperature and humidity controller based on STM32. Firstly, the 

general design scheme, hardware circuit design scheme and software design scheme of the control system 

are described, in which the human-machine interface circuit design of the hardware circuit design is 

emphatically analysed, and finally, the design of this research is applied The agricultural intelligent 

temperature and humidity controller measures the temperature and humidity of the flue-cured tobacco 

house, and verifies the control effect. The results show that the temperature control accuracy based on 

STM32 is significantly higher than that of traditional control method, which is conducive to the improvement 

of tobacco baking quality. It is hoped that this study can provide a significant reference for the research of 

temperature and humidity control in tobacco industry in China. 

 

摘要 

 烤烟的质量是影响烟草企业经济效益的重要因素之一。由于传统的手工烘烤方法效率低下以及烟草质量

差，烟草企业和烟农的经济利益也受到很大影响。有鉴于此，本研究以温湿度控制为研究对象，提出了一种基

于 STM32 的农用智能烟房温湿度控制器。首先介绍了控制系统的总体设计方案，硬件电路设计方案和软件设

计方案，着重分析了硬件电路设计的人机界面电路设计，最后应用了本研究的设计。农业智能温湿度控制器测

量烤烟房的温度和湿度，并验证控制效果。结果表明，基于 STM32 的温度控制精度明显高于传统控制方法，

有利于提高烤烟质量。希望这项研究能为我国烟草工业的温湿度控制研究提供一定的参考和参考。 

 

INTRODUCTION 

 China is a big country of tobacco planting, and tobacco industry plays an important role in our national 

economy. According to statistics, the tobacco industry accounts for 10% of China's annual tax revenue, and 

the tobacco industry has become an important source of China's financial revenue (Enrico, Corti, Michele. 

2017). With the improvement of the quality of life of Chinese residents, the public demand for tobacco 

products is also higher and higher, which requires that tobacco enterprises can bake high-quality tobacco 

products. However, due to the backward baking equipment and the low professional level of the staff in the 

remote mountainous areas, China's tobacco planting areas generally fail to bake out high-quality tobacco 

products (Yasser Abdelaziz, 2017). Therefore, it is necessary to improve the technology of tobacco baking to 

further improve the income of tobacco enterprises and farmers. Due to the low efficiency of the traditional 

artificial baking method and the poor quality of tobacco leaves, the economic benefits of tobacco enterprises 

and tobacco farmers have been greatly affected, which is not in line with the development trend of 

intelligence. Although some tobacco baking equipment has appeared in China, the temperature and humidity 

control of tobacco houses is often accompanied by coupling, non-linear and time-varying factors, resulting in 

the temperature and humidity control poor accuracy (Khan et al., 2015). In this study, STM32 microcontroller 

is introduced into the temperature and humidity automatic control technology, which takes the system control 

accuracy as the core, and optimizes the integration degree of the control system. 

 

1 He Hong, As. PhD. Lec. 
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 Aiming at the control of temperature and humidity in the flue-cured tobacco house, STM32 

microcontroller is introduced in this study. This technology belongs to an integrated circuit chip, and uses 

VLSI technology to integrate the original parts with data processing ability, and integrates these functional 

elements on the silicon chip to form a microprocessor. STM32 microcontroller is widely used in various fields 

because of its small size, simple structure and relatively cheap price. 

 The innovation of this study is to use the real-time measurement method of tobacco surface 

temperature, which cannot test the current situation of tobacco leaf surface temperature in the flue-cured 

tobacco house, and use the real-time detection method of leaf temperature to measure the surface 

temperature of tobacco leaf. In the process of baking experiment, the temperature difference between the 

environment of the flue-cured tobacco house and the surface temperature of tobacco leaf is measured, 

which provides reliable detection data for this research work. 

 This study is divided into four parts. The second part is about the research status of the application of 

temperature and humidity intelligent control technology in various fields at home and abroad; the third part 

mainly introduces the research method, the first section introduces the overall design scheme of the 

temperature and humidity controller based on STM32 intelligent flue-cured tobacco house, the second 

section introduces the hardware circuit design method of the control system, the third section introduces the 

software of the control system design method. In the fourth part, the control system is tested and analysed. 

The results show that the temperature control accuracy based on STM32 is significantly higher than that of 

traditional control method, which is conducive to the improvement of tobacco baking quality. 

 In recent years, people attach great importance to the intelligent control technology of temperature 

and humidity, which has a profound impact on the future direction of social development.  

 Researchers at home and abroad also conduct in-depth research on this technology.  

 Wei Zheng et al. proposed a Multivariable Decoupling Fuzzy logic control method, which designed two 

kinds of fuzzy controllers based on fuzzy logic theory. Fan, heater and humidifier are used to control the 

temperature and humidity. The temperature and humidity drop caused by ventilation is compensated by 

heater and humidifier respectively, which realizes multivariable decoupling. The results show that the power 

consumption of this method is 19% lower than that of manual regulation (Wei-Zheng et al., 2019).  

 Elkhayat et al. studied the prediction method of temperature and humidity by capacitive humidity 

sensor, and analysed the change of temperature and humidity by using circuit temperature control method. 

The results show that the prediction accuracy is very high, and it is suitable for self-diagnosis of humidity 

sensor (Elkhayat et al., 2016).  

 Yan and others developed the capacity controller of the three-evaporator air conditioning system to 

realize the analogue controllability of the capacity controller. According to the operation characteristics of the 

three-evaporator air conditioning (TEAC) system, the capacity controller was further improved and an 

improved controller was developed. The results show that the improved controller can realize the indoor 

temperature and humidity synchronous control of TEAC system (Yan H et al., 2017).  

 Mirzaee Ghaleh et al. monitored indoor climate management of typical poultry farms in Iran, and 

compared fuzzy logic with switch controller. Three fuzzy controllers were developed and tested by LabVIEW 

software. The results show that the fuzzy controller has a good response to temperature and humidity 

(Mirzaee-Ghaleh et al., 2015).  

 Infant incubators such as Singla et al. provide a controlled environment for premature infants in need 

of special care. The results show that the temperature and humidity controller of infant incubator based on 

microcontroller is very important for the normal growth of newborns (premature) (Singla S. and Singh V., 

2015).  

 Mien T.L. analysed the indoor air, established the nonlinear interactive mathematical model of indoor 

air, proposed the design method of traditional PI controller, decoupling controller and parameter self-tuning 

PI controller based on the combination of fuzzy logic principle and decoupling controller in the process of 

indoor air heating and humidification, and simulated and tested the proposed temperature and humidity 

process controller on MATLAB (Mien T.L., 2016).  

 Li Shujiang et al. proposed a control algorithm based on genetic algorithm (GA) to optimize PID 

controller parameters. The predictive decoupling method was used to decouple the temperature and 

humidity. The objective function was used as the evaluation value of the controller. Through the selection, 

crossover and variation of genetic algorithm, the optimal solution of PID control parameters was obtained. 

The simulation experiment was carried out with MATLAB.  
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The results show that GA-PID control algorithm can effectively decouple the temperature and humidity, and 

the control system has better control performance (Li Shujiang, et al., 2017). 

 Shigang Cui and others have developed a temperature and humidity monitoring system based on 

embedded technology. This system uses STM32 microprocessor as the core controller to realize the 

accurate collection, display and control of environmental factors (including temperature and humidity) in the 

plant growth box through the monitoring system. According to the principle of optimal weight distribution, 

each layer of sensor data is adaptively weighted and fused to get accurate temperature and humidity values. 

The results show that the system can accurately monitor and display the temperature and humidity in the 

plant growth box (Shigang Cui et al., 2017).  

 Nurainaa Elias et al. designed a fuzzy logic controller to simulate the control system based on user's 

expected temperature, user's expected humidity and deviation from expected parameters. The results will be 

described by the speed of the output actuator varying with the input temperature and humidity (Nurainaa 

Elias et al, 2018).  

 Juliana D.S.G.B. et al. used two kinds of temperature control technology to evaluate the spatial 

distribution of farm thermal environment variables, evaluated the climate variables such as dry bulb 

temperature (TBS), relative air humidity (RH), temperature and humidity index (THI) and enthalpy, and drew 

the spatial distribution diagram of these variables by Kriging method. The results show that the resistance 

heating system with PID controller improves the thermal comfort conditions of pig farm in the coldest time, 

and maintains the spatial distribution uniformity of indoor air temperature (Juliana de Souza Grand Barossa 

et al., 2017).  

 Ou K et al. proposed a multi input multi output (MIMO) fuzzy controller, and proved its real-time control 

ability to the strong nonlinear power fuel cell system, constructed a five input two output fuzzy logic controller, 

which is used to adjust the temperature and relative humidity of the open cathode fuel cell in real time. The 

results show that the fuzzy controller effectively improves the output power of PEM fuel cell (Ou K, Yuan 

W.W. and Choi M., 2017).  

 Yan et al. introduced the development of a capacity controller of three-evaporator air conditioning 

(TEAC) system, which is used to improve indoor air humidity control. The results show that the controller can 

improve the indoor humidity control and energy efficiency (Yan H. et al., 2016). 

 Through the analysis and research of temperature and humidity intelligent control technology, it can be 

seen that STM32 microcontroller is the main carrier of temperature and humidity control technology, but the 

research work in this field in China is still in the initial stage, and the research of temperature and humidity 

control technology based on STM32 needs to be expanded. Therefore, this study mainly aims at the control 

of temperature and humidity in the flue-cured tobacco house. STM32 microcontroller is introduced into the 

temperature and humidity automatic control technology. 

 

MATERIALS AND METHODS 

The overall design of the temperature and humidity controller in the tobacco house 

 The main control object of this research system is the circulating fan, air door and combustion 

supporting fan, and the controlled object is the temperature and humidity measured in the flue-cured tobacco 

room. The system consists of five parts, including power supply, RS485 communication interface, man-

machine interface, control output, STM32F103 microcontroller. The core component of the control system is 

STM32F103 chip, and the LCD screen is installed on the field controller, so that the indoor temperature and 

humidity changes can be known by the field staff at any time, and the system can be debugged in real time 

according to the changes. The temperature and humidity sensor is used to import the temperature and 

humidity collected in the flue-cured tobacco room into the STM32 controller, and the data is imported into the 

upper computer monitoring system by the field bus, and the temperature and humidity data is displayed on 

the LCD screen in real time. The control system adjusts the driving module through the internal stored expert 

curve and the preset temperature and humidity curve, so as to control the revolving speed of the circulating 

fan, the start and stop of the combustion supporting fan and the opening of the air door, and realize the 

adjustment of the indoor temperature and humidity. In case of phase loss, circuit failure, open circuit of 

sensor, abnormal temperature and humidity, the control system will give voice alarm through the upper 

computer and voice chip at the same time.  
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 The controller is irregularly attached to the bus through the system interface, and the network bus is 

connected to the data adapter through the system interface, and then the data adapter is connected to the 

upper machine monitoring by the USB interface, and finally the data is received and sent. As shown in Figure 

1. 
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Fig. 1 - General structure of controller design 

 

Hardware design of temperature and humidity controller in tobacco room 

 The system in this study not only needs to collect the temperature and humidity data of the flue-cured 

tobacco house, but also provides the detection signals needed for system alarm. The detection signals 

include the detection signals of system voltage, working state of the circulating fan, phase loss overload and 

so on. Among them, the phase loss overload signal is the most special, which is supported by the double 

current transformer. Because STM32F103 is embedded with a digital simulator and there are 16 ADC 

channels, the analogue signals collected are processed by means of filtering and voltage dividing, and the 

processed data are input into the system. The circuit design of this study is relatively simple and will not be 

described too much. Because the key work of the system is to collect the temperature and humidity in the 

flue-cured tobacco room, the sensor selected by the system should have the characteristics of accurate 

measurement and convenient use. In addition, the system needs to measure the temperature of four test 

points in the flue-cured tobacco room, two temperature and humidity measurement points in the upper and 

lower shed. The digital temperature sensor of the control system is a series of HSTL sensors, which adopts a 

single interface mode and applies the mode of one wire bus. There are only three pins DQ, GDN and VDD in 

the sensor, which have fast conversion rate and stable performance. Moreover, the output of the measured 

data is also the interface directly applying the mode. Therefore, the control system only needs simple noise 

reduction for data, which can be directly connected to the input and output interfaces of STM32, improving 

the anti-interference ability of the system, and reducing the frequency of circuit components and input and 

output ports. The temperature range of HSTL series sensor is [- 55, + 125] oC. If it is between [- 10, + 85] oC, 

the accuracy error of measurement is about 0.5oC, and the voltage is [3.0, 5.5] V. The control system directly 

allocated four groups of input and output ports, PB3, PB11, PB12 and PB10, and connected these ports to 

the sensor at the same time. Generally, in the detection circuit, if the resistor R21 has a certain current 

limiting protection function, the single bus is pulled high through the pull-up resistor R22 to reach the 

receiving mode, and it is kept between [15,60] us. The capacitor C28 controls the electric frequency of the 

host at the level of not less than 480us to form a reset pulse. 

 In order to enable the staff to adjust and control the controller conveniently on site, the man-machine 

interface circuit system in this study mainly includes key input, LCD display drive, voice alarm and other 

circuits, as shown in Figure 2. The display screen of the control system is pen Segment LCD, which has a 

backlight control mode of low brightness and high brightness. Low brightness indicates the normal operation 

of the control system, and high brightness indicates the operation of the control system. When the control 

system works normally, the LCD display shows the calendar clock, control curve data, working time, 

measured temperature in the flue-cured tobacco room, target temperature and humidity, etc. Set 8 keys of 

the control system, and drive ls165m by pb0, PC4 and PC5 ports of STM32, so as to achieve the function 
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realization purpose of the control system in the stop or operation state, such as alarm end, data record query, 

baking curve modification and other functions. On the basis of the pull-up resistance, the system also adds 

the anti-shake capacitance, which greatly increases the reliability of the system data in the input. In this study, 

wtv170-16p chip is selected as the chip of voice alarm.  

The data converter of the chip is 16bitsdac, voice duration is 170s, frequency is 6KHz, and the chip belongs 

to one-time programmable burning chip. In this study, the serial port control mode is applied, and the voltage 

is 3.4V. 
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Fig. 2 - Design of human-machine interface circuit of the system 

 

 In the control system, RS485 bus communication interface is selected, sp485ee chip is applied, and 

Modbus RTU communication protocol is added, which can read the memory record in PC port. In the 

memory, the relevant historical data are recorded, such as the power failure, data setting, baking time and 

temperature and humidity in the baking room, so as to provide reference for the staff. In the system, the 

controller has designed the circulation fan with manual and automatic control. When the controller is under 

automatic control, the system can realize the communication between the external inverter and the controller 

through the frequency conversion communication interface, and realize the automatic control of the rotation 

speed of the circulation fan. When the controller is under manual control, the rotation speed of the circulation 

fan can be controlled according to the speed regulating switch. The communication interface circuit of this 

study is shown in Figure 3. 
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Fig. 3 - Design of system communication interface circuit 
 

Software design of temperature and humidity controller in tobacco house 

 The realization of the specific control task of the control system needs to be realized by the system 

software. The software design of this study is divided into the upper computer and the lower computer. The 

composition of the lower computer software corresponds to the design of the system hardware. The control 

system includes communication, algorithm, voice alarm, display driver, key processing, temperature and 
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humidity acquisition and other subroutines. The normal operation of the system depends on whether the 

software design is reasonable. The flow chart of the main control system is shown in Figure 4, including 

control output, fuzzy adaptive algorithm, temperature and humidity collection, key subprogram, interrupt 

program, initialization configuration, etc.  

After the control system is powered on and reset, initialize the system, scan the on-site controller, determine 

whether the data has been input into the key, and display it on the on-site LCD screen; at this time, the upper 

computer starts to collect the data, successively receives the data on the keyboard and the sensor, stores 

the received data in the RAM controller, and makes it in the RAM controller through data conversion The bus 

can realize the transmission of data frame. If the command of the upper machine is transmitted to the system, 

the data frame will be sent through the controller until the end of data receiving and sending, and there is no 

data conflict in the process of receiving and sending, then the algorithm subroutine will run. 

start
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interrupt service

Keyboard scan 

or alarm
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Fig. 4 - System main control flow chart 
 

 Two external interrupts 0 and 1 are designed in the system. The external interrupt 0 is used to process 

the alarm request. When the temperature and humidity are too high or too low, or lack of equal faults, the 

system will give a voice alarm and stop the system work as required. External interrupt 1 is used for key 

request. If it is a query key or a set key request, the system will enter the temperature and humidity setting 

subroutine or query record subroutine to make corresponding settings, and press the OK key to jump back to 

the main program after the end of setting data or query history. The flow chart is shown in Figure 5. 

 

RESULTS 

Experimental design of temperature and humidity measurement in flue-cured tobacco room 
 The agricultural intelligent temperature and humidity controller designed in this study was used to 

measure the temperature and humidity of flue-cured tobacco house, and the control effect was verified. 

According to the different targets, the experimental scheme is designed. The first is to compare the test 

results of this design with the traditional test methods. Before the test, fix the tobacco leaf and sensor on the 

fixture, use the instrument to monitor the temperature and indoor humidity of the tobacco leaf during the 

baking process, record the data every 4 hours, and use the dry and wet bulb thermometer to measure the 

temperature of the tobacco leaf surface until the end of the baking. Compare the room temperature 

monitored by the dry and wet bulb thermometer and the instrument, and analyse the results of comparison; 
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second, verify the control effect of the control design proposed in this study, compare the whole 

measurement process of the experiment, and experiment twice in the same flue-cured tobacco room. In the 

first experiment, we did not use the control design scheme proposed in this study, but only used the 

traditional manual adjustment method to control the temperature and humidity of the baking room.  

In the second experiment, according to the same technological process, we used the control design scheme 

proposed in this study to control the equipment of the baking room. The measurement object in the 

experiment is shown in Figure 5. 

 
Fig. 5 - Physical picture of measurement experiment 

 

Experimental results and analysis 
 As shown in Table 1, the room temperature and tobacco surface temperature after the first experiment 

are obtained. It can be seen from table 1 that when the surface temperature of leaves on several bulb 

thermometers is heated to [34, 36] oC, and when the room temperature is heated to [34,38] oC, the difference 

between them is small. When the room temperature of some bulb thermometers is above 38oC, and the 

surface temperature of the blade is [38, 48]oC, the dry bulb temperature is in direct proportion to the surface 

temperature of the blade, and the difference between them is significant, and the temperature difference is 

fixed between [2.5, 3.5]oC. When the room temperature on several bulb thermometers is heated to [48, 68] 
oC, the temperature difference between the dry bulb thermometer and the blade temperature is relatively 

stable, and the temperature difference is fixed between [2, 4] oC. When the leaf temperature is fixed between 

[34, 36] oC, the humidity in the room is within [98.6, 90.2] %. If the leaf temperature increases gradually in [36, 

48] oC, the room temperature in the baking room will also decrease gradually. When the humidity in the 

baking room is 42oC, the leaf temperature is 46.3oC. If the temperature of the leaves is [48, 66] oC, the 

humidity in the oven is within [42.0, 9.9] %. 

Table 1 
Comparison of room temperature and leaf temperature data from the first experiment 

Time 
(h) 

Traditional 
measurement 

(oC) 

Instrument 
measurement 

(oC) 

Difference 
(oC) 

Time(h) 
Traditional 

measurement 
(oC) 

Instrument 
measurement 

(oC) 

Difference 
(oC) 

0 21.8  20.1  1.7 64 46.3  40.3  6.0  

4 33.9  33.9  0 68 45.6  41.8  3.8  

8 36.1  34.0  2.1 72 45.6  41.3  4.3  

12 36.2  34.6  1.6 76 49.0  44.2  4.8  

16 37.1  34.9  2.2 80 49.1  46.1  3.0  

20 38.0  36.8  1.2 84 49.6  46.1  3.5  

24 37.9  36.6  1.3 88 49.2  46.2  3.0  

28 37.5  35.8  1.7 92 53.2  51.0  2.2  

32 37.4  35.1  2.3 96 53.1  51.2  1.9  

36 39.7  35.0  4.7 100 54.1  52.3  1.8  

40 39.6  35.1  4.5 104 57.0  54.7  2.3  

44 41.9  36.2  5.7 108 59.5  57.5  2.0  

48 42.6  36.9  5.7 112 60.0  57.8  2.2  

52 42.7  37.0  5.7 116 66.6  62.8  3.8  

56 42.4  37.2  5.2 120 68.3  65.4  2.9  

60 45.7  37.3  8.4 124 68.1  66.2  1.9  
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 As shown in Table 2, the room temperature and tobacco surface temperature after the second 

experiment are obtained. It can be seen from table 2 that the second time is higher than the first time. In the 

process of flue-cured tobacco, when the surface temperature of the leaves on several bulb thermometers is 

heated to [34,37] oC, and when the room temperature is heated to [34,45] oC, the difference between them is 

small. When the room temperature of some bulb thermometers is above 45oC, and the surface temperature 

of the blade is at [45, 60] oC, the dry bulb temperature is in direct proportion to the surface temperature of the 

blade, and the difference between them is significant, and the temperature difference is fixed between [2.5, 

3.5] oC. When the room temperature on several bulb thermometers is heated to [60, 68] oC, the temperature 

difference between the dry bulb thermometer and the blade temperature is relatively stable, and the 

temperature difference is fixed between [2, 4] oC. When the leaf temperature is fixed between [34, 37.3] oC, 

the humidity in the room is within [99.9, 75.0] %. If the leaf temperature increases gradually within [37.3, 57.8] 
oC, the room temperature in the baking room will also decrease gradually. When the humidity in the baking 

room is 22.8oC, the leaf temperature will be 57.8oC. If the leaf temperature is [57.8, 66.2] oC, the humidity in 

the baking room is within [22.9, 12.8] %. 

 

Table 2 
Comparing the data of room temperature and leaf temperature in the second experiment 

Time 
(h) 

Traditional 
measurement 

(oC) 

Instrument 
measurement 

(oC) 

Difference 
(oC) 

Time 
(h) 

Traditional 
measurement 

(oC) 

Instrument 
measurement 

(oC) 

Difference 
(oC) 

0 30.4  27.9  2.5  88 46.1  41.6  4.5  

4 34.6  31.7  2.9  92 46.4  42.4  4.0  

8 36.3  35.6  0.7  96 46.4  43.2  3.2  

12 36.4  36.0  0.4  100 46.2  43.4  2.8  

16 36.4  35.5  0.9  104 46.1  43.7  2.4  

20 36.2  34.5  1.7  108 48.1  45.1  3.0  

24 37.4  36.1  1.3  112 49.7  46.3  3.4  

28 37.1  36.3  0.8  116 48.6  46.3  2.3  

32 37.4  36.2  1.2 120 49.2  46.4  2.8  

36 38.2  35.6  2.6 124 48.7  46.5  2.2  

40 37.6  32.4  5.2  128 51.9  48.0  3.9  

44 38.7  34.5  4.2  132 52.1  49.6  2.5  

48 38.1  36.0  2.1  136 55.3  51.7  3.6  

52 37.2  34.7  2.5  140 56.2  53.9  2.3  

56 41.0  36.6  4.4  144 60.1  56.4  3.7  

60 40.4  37.1  3.3  148 60.1  57.1  3.0  

64 41.1  37.0  4.1  152 59.6  57.0  2.6  

68 42.7  38.7  4.0  156 65.1  61.7  3.4  

72 43.0  38.9  4.1  160 67.9  65.3  2.6  

76 43.2  39.1  4.1  164 68.3  66.2  2.1  

80 42.9  39.0  3.9  168 67.9  65.8  2.1  

84 44.4  40.0  4.4      

 

 

 In order to verify the control system proposed in this study, two baking experiments with different 

control modes were carried out, and the results were compared. According to the results of three-stage 

baking process and measurement, the comparison curve before and after adding the controller is obtained, 

as shown in Figure 6. Figure (a) shows the comparison curve between the baking process temperature and 

the results measured by the traditional measurement method. The temperature difference is relatively 

obvious, and overshoot is formed at some temperature points, such as 68oC, 60oC, 50oC, 48oC, 46oC, 37oC, 

34oC, with poor control effect. Figure (a) shows the comparison curve between the results of the temperature 

control experiment based on STM32 and the measured temperature. The results show that the curve is 

consistent. Even if there are some places with obvious temperature difference, such as 60oC, 48oC and 37oC, 

it can be seen that the overshoot phenomenon is significantly reduced from the comparison curve, reflecting 

that the temperature control accuracy based on STM32 is significantly higher than that of the traditional 

control methods It is conducive to the improvement of tobacco baking quality. 
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Fig. 6 - Comparison between STM32 based control method and traditional control method 

 

CONCLUSIONS 

 Aiming at the problem of temperature and humidity control in the flue-cured tobacco house, STM32 

microcontroller is introduced into the temperature and humidity automatic control technology, and the 

temperature and humidity controller of the agricultural intelligent flue-cured tobacco house based on STM32 

is designed. Finally, the designed system scheme is tested. The test results show that the temperature 

difference between the baking process temperature and the results measured by the traditional 

measurement method is obvious, and the overshoot is formed at some temperature points, such as 68oC, 

60oC, 50oC, 48oC, 46oC, 37oC, 34oC, which has poor control effect; the comparison curve between the 

temperature control experiment and the measured temperature based on STM32 is consistent Even if there 

are some places with obvious temperature difference, such as 60oC, 48oC and 37oC, we can see that the 

overshoot phenomenon is significantly reduced from the comparison curve, reflecting that the temperature 

control precision based on STM32 is significantly higher than the traditional control method, which is 

conducive to the improvement of tobacco baking quality. There are also some shortcomings in this study, 

because in the field measurement in the flue-cured tobacco room, the temperature points vary greatly. In 

order to reduce the measurement error, in the future research, the number of detection points will be 

increased to reduce the experimental error. 
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ABSTRACT 

A set of equipment for an innovative animal management system based on advanced technological 

solutions is presented. The equipment set includes a pen for housing postweaning piglets, a vibration feed 

distributor, and a self-feeder. Rationale behind the use of the small-group nested housing technique for 

postweaning piglets is presented, and the viability of development of a new feed distributor and self-feeders is 

discussed. Information on experimental studies of a new (vibration-based) type of feed distributor is presented 

to demonstrate its operating efficiency and adequate performance.  

 

РЕЗЮМЕ 

Представлен комплект оборудования для инновационной системы содержания на базе 

использования современных технических средств. Комплект оборудования включает в себя станок 

содержания поросят-отъемышей, вибрационный раздатчик кормов и самокормушку. Дано 

обоснование необходимости применения технологии мелкогруппового погнездного содержания 

поросят-отъемышей, показана целесообразность разработки нового типа раздатчика кормов и 

самокормушки. Представлены материалы экспериментальных исследований нового 

(вибрационного) раздатчика кормов, подтверждающие его работоспособность и достаточную 

производительность. 

 

INTRODUCTION  

In 2018, Russia has reached threshold values of the food self-sufficiency target of the Russian 

Federation in terms of meat production; meat output grew (mainly owing to pig farming) by 14.4%. The industry 

is actively employing advanced machinery and industrial digital technologies (Izmailov A.Yu., 2019; Latruffe et 

al., 2017; Wasserstein R. L., Lazar N.A., 2016).  

Livestock and poultry production volumes amounted to 10,629.4 thousand tons (Table 1). 

Table 1 

Production volumes of main types of livestock products and pig farming products in the Russian Federation 

(thousand tons) 

Product name 1990  2000  2010  2016  2017  2018  

All categories of producers 

Slaughtered livestock and poultry   
(slaughter weight) 

10111.6 4445. 8 7166.8 9800.2 10391.4 10629.4 

 including pigs 3480.0 1578.2 2330.8 3368.2 3537.6 3744.2 

Agricultural organizations 

 Slaughtered livestock and poultry   
(slaughter weight) 

7603.5 1786.5 4342.3 7515.2 8043.9 8349.7 

 including pigs 2290.6 435.8 1228.0 2716.8 2917.3 3186.4 

 
1 N. Morozov, Academician of RAS; L. Tsoy, Doctor of Economic Sciences; A.Rasskazov, Candidate of Economic Sciences 

tel:+7
mailto:rassk49@mail.ru
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Product name 1990  2000  2010  2016  2017  2018  

Household farms 

Slaughtered livestock and poultry   
(slaughter weight) 

2507.0 2579.5 2612.6 2045.3 1973.3 1911.8 

 including pigs 1188.9 1107.2 1040.1 590.9 558.7 514.1 

Family-operated farms, farming enterprises and self-employed entrepreneurs 

Slaughtered livestock and poultry   
(slaughter weight) 

1.1 79.8 209.9 292.2 305.3 321.9 

 including pigs 0.5 35.2 69.0 47.2 44.2 43.7 

Source: Federal State Statistics Service for 2010-2017, includes data of the All-Russian Agricultural Census of 2016. 

A major area where resource saving technologies are being introduced is the sphere of comfortable 

animal housing and reduction of feed consumption that, on the average, account for 60% of total pork 

production costs. Optimal and biologically sound management of pigs with consideration to their genotype, is 

the basis for efficient use of resources (Kostlivý V., Fuksová Z., 2019; Laure Latruffe et al., 2017; Madau Fabio 

A. et al. 2017).  

Comprehensive feeding of pigs with well-balanced feed is a critical factor in effective utilization of the 

genetic potential of animals. One of the particularities of pig feeding is that these animals have a very high 

growth rate, as compared to other livestock species. Thus, careful preparation of feed, as well as providing 

animals with high quality and safe feeding compounds, is required. All of the nutrients of the feed should be 

balanced not only in terms of the required consumption volume, but also in terms of balance of the nutrients, 

which should be optimized with respect to the proteins/calories composition of the diet (Syrovatka V. I. et al., 

2019).  

Affected by adverse factors during the piglet rearing stage, animals may become overstressed which 

may result in stock underdevelopment, disorders, and, consequently, high death level. 

The adverse effects mentioned above are the most crucial for the initial stage of a pig's development, 

i.e., for postweaning piglets. For the above-mentioned reasons, pig breeding enterprises should strive to create 

comfortable housing and feeding conditions, most importantly – in rearing pens. According to the existing 

technological process, piglets are moved into houses where they are grouped in three or four nests, with up 

to 30 animals in a pen. This results in stress. When feeding a large group of piglets, there is not enough space 

to accommodate all of them, which leads to conflicts between animals. 

 

MATERIALS AND METHODS 

Based on studies of various sources when researching the issue of eliminating the drawbacks of the 

postweaning piglet feeding process, it was determined that the nested small-group rearing method of piglets 

should be used, with the number of animals not exceeding 10 to 12 per one pen. To achieve this objective, a 

set of equipment was developed which uses a conceptually new type of distributor and self-feeder. 

This study uses the methods of system analysis, mathematical statistics, regulatory documents; it also 

reviews the trends in technology and facilities used for management and feeding pigs; uses the technique of 

summarization of ranking scores. Some information in this study is presented in the form of tables (Choi L., 

2016; Ivanov, Yu. Mironov V.V., 2018; Morozov N.M., Rasskazov A.N., 2019). 

 

STUDY RESULTS 

Figure 1 shows the flow chart of the innovative system of postweaning piglets’ housing and feeding 

based on advanced technological solutions. 

The basis of the innovative system of housing and feeding postweaning piglets is the equipment 

providing small-group nested stress-free housing of animals. The conceptually new process solution for feed 

distribution and the self-feeder are technologically and structurally integrated into the pen system.  

The pen for small-group nested housing of postweaning piglets accommodating up to 12 animals has 

the area of 6.9 m2 (Fig. 1, Item 1), and is equipped with a self-feeder, a brooder intended as the piglet rest 

area, and suckle feeders. To ensure ease of animal management, the entrance gate is located within the front 

wall of the pen, close to the self-feeder. There is some free space in the pen near the self-feeder sufficient for 

at least four piglets. The brooder is located in the left part of the pen, and is adjacent to the rear wall. It 

accommodates up to 12 piglets. Floor area of the brooder is at least 1.2 m2. 
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Fig. 1 - Process scheme of the innovative system of postweaning piglets’ housing  

and feeding based on advanced technological solutions 

 1- pen for small-group nested housing of postweaning piglets; 2 – feed distributor; 3-self-feeder 

 

General view of the pen for small-group nested housing of postweaning piglets is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

Fig. 2 - Pen for nested housing of postweaning piglets 

1-pen front wall; 2-pigled brooder cover; 3-feed supply hopper; 4-round self-feeder trough; 5-contact grille; 6-gate  

Pen fencing is made of 200 mm wide and 35 mm thick plastic panels. The top of the panels has a locking 

profile, and their bottom has the respective slot. The design of the panel ensures its durability, and makes it 

possible to treat the panels with disinfectants. Panels comprising a wall are assembled into panes of the 

required height: 600 mm high in the front, and 800 mm high on the sides and in the rear. The panels are 

reinforced along the perimeter by a metal frame made of angle bars with the dimensions of 45x45x5 mm, and 

a 40x45 mm plate. The frame has four bolt holes for securing the walls to the support poles. 

In order to improve the efficiency, the self-feeder (Fig. 1, item 3) is located at the partition between two 

adjacent pens, and supplies both of them. The self-feeder is equipped with a supply hopper which holds two 

days’ worth volume of feed; a round trough divided into four partitions is located in each of the pens. Beside 

the self-feeder, there are two suckle feeders. 

The structural diagram of the self-feeder is shown in Figure 3. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 - Mechanism of the self-feeder 

1-hopper; 2-pen partition; 3-removable partitions; 4-discharge neck,  

5-agitator; 6-slots; 7-flexible suspension; 8-round trough; 9-contact grille 
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Hopper 1 is intended for storage of a certain reserve volume of dry feed; the discharge neck 4, being a 

movable part, makes it possible to regulate the rate of feed supply from the hopper into the round trough 8. 

The discharge neck 4 is the main working body of the self-feeder. Animals actuate its slotted shell ring 

(by moving the ring within the gap between the cylindrical pipes) and thus the feed in the trough 8 is 

replenished. To achieve this, the discharge neck unit is attached to the hopper using flexible elements to allow 

movement, and there is an adjustable gap between the discharge neck and the bottom of the trough. 

The upper part of the discharge neck has the same form as the matching part of the hopper, while the 

neck internal diameter is 30 mm larger. This gap makes it possible for the discharge neck to move in all 

directions, and ensures that feed is always present in the trough 8. To prevent bridging of feed within the cone-

shaped bottom part of the hopper, the discharge neck 4 is equipped with the flap agitator 5. 

To attract animals to the self-feeder, the lower part of the discharge neck has a slotted shell ring. The 

ring slots fill with feed, but their width is not sufficient for feed to spill into the trough 8 spontaneously. 

The conceptually new vibration feed distributor (Fig. 1, item 2) was developed to deliver feed to self-

feeders. This device has a number of advantages over the existing feed conveyors. 

Presently, the main method of feed distribution mechanization lies in the use of stationary feed 

transportation and distribution systems, based on various engineering solutions.  

Systems employed to transport feed from bunkers to pig houses and distribute it within include chain-

disc conveyors and screw-type (spiral) conveyors. 

A common drawback of these technologies is that they employ a working body (a chain with discs, a 

helix or a screw), which forces the feed to the pig feeding location. The chain-disc, helix or screw system 

operate under a high load and are prone to intensive wear due to active interaction with the feed.  

Alternative technologies to transport feed within the pig breeding facility are thus required that would 

have none of these disadvantages. 

Research dedicated to the development of equipment for the transportation and distribution of feed 

based on new technological solutions resulted in the development of a conceptually new system of feed 

delivery to piglets. 

A promising line of development of feed distribution systems is the vibrating transportation system. 

Unlike chain-disk or screw (spiral) conveyors, the vibrating feed delivery chute has no moving parts. 

Main requirements to vibrating conveyors are the capacity to prevent sticking of the feed, as well as to 

select parameters of vibration and the angle of inclination of suspension links and the piston. 

Main advantages of vibrating conveyors as compared to chain-disk or screw (spiral) type conveyors are: 

improved working conditions in the pig house, reduced soiling owing to the fact that this feed delivery system 

is enclosed, absence of contamination of the feed and its loss to spillage, low wear of the feed delivery chute 

due to the absence of rubbing parts and simple design. Apart from the above advantages, metal needed to 

manufacture them and their energy consumption are lower, reliability of the system is higher while its 

operational costs are reduced. 

A study of principles of this granular material transportation method enabled us to develop a valid 

process scheme and determine the location of the actuating mechanism of the feed distributor.  

According to the theory of vibration-based transportation of granular materials, the line of the shaking 

force which sets the system in vibration, should pass through the centre of the system’s mass (centre of 

attraction) to exclude secondary torsional oscillations that affect the material transportation process adversely. 

The process scheme of the vibration piglet feed distributor was developed with due account to these 

requirements. 

The process scheme is shown in Figure 4.  

 

 

 

 

 

 

 

 

 

Fig. 4 - The technological scheme of the modernized vibrating feed distributor 
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The feed distributor includes intake hopper 1; feed delivery chute 2; actuator 3; suspension links 4; self-

feeder 5; and rectangular reinforcement tube 6.  

The intake hopper is intended to deliver feed into the delivery chute, which has the form of a cylindrical 

pipe 24 m long and 100 mm in diameter. The actuating mechanism is comprised of a cam which rotates to 

create vibration with a certain amplitude (in our particular case, two cams (10 and 20 mm) were used. 

Suspension links are located at a certain angle to the vertical line, and facilitate feed shaking within the feed 

supply chute. 

The advance of dry feed into the self-feeder hopper is achieved by the feed distributor of the new design 

by means of vibrating feed delivery chute.  

Dry feed is transported within the vibrating feed chute throwing up tossed granules and moving them 

towards discharge apertures. 

On the basis of the process scheme of the vibrating feed distributor, design documentation was 

developed, and the feed distributor was manufactured and assembled. This enabled experimental studies of 

the vibration feed distributor. 

These studies, conducted on loose and pellet feed, enabled us to determine the dependency of the feed 

distributor performance from the speed rate of the electric motor, the feed transportation distance, and the 

amplitude of the vibration mechanism oscillation (Fig. 5 a and b). 

 

 

 

 

 

 

 

 

 

 

 

 

a) loose feed 

 

 

 

 

 

 

 

 

 

 

 

 

b) pellet feed 

 

Fig. 5 - Dependence of the vibrating feed distributor’s capacity on the number  

of electric motor’s revolutions (eccentricity of 10 mm) 

 

The diagram demonstrates that, in case of loose feed (Fig. 5 a), the transportation distance of 8 m, and 

the electric motor’s speed within the range of 400 to 600 rpm, the performance of the feed distributor increases 

more than threefold, with the transportation distance of 16 m -- just over twofold, and with the transportation 

distance of 24 m it is more than four times higher. 

For pellet feed (Fig. 5 b), the change of performance with the change of the electric motor speed rate at 

various feed transportation distances is as follows. 

With the electric motor speed rate changing from 400 to 600 rpm and the transportation distance of 8 

m, the performance is four times higher; with the transportation distance of 16 and 24 m, the performance is 

more than five times higher. 

transport's lenght
24 м

transport's lenght 
16 м

transport's lenght 
8 м

0

50

100

150

200

400 500 600 rev/min.

kg/h

transport's lenght 
24 м

transport's lenght  
16 м

transport's lenght 
8 м

0

100

200

300

400

500

600

400 500 600 rev/min.

kg/h



Vol. 62, No. 3 / 2020  INMATEH – 

 

54 

Similar experimental studies with an eccentricity equal to 20 mm were carried out. The vibrations’ 

amplitude increasing due to a larger eccentricity using contributes to an overall vibrating feed distributor 

capacity increasing. Similar experiments were carried out with the eccentricity equal to 20 mm. The increased 

oscillation amplitude due to the higher eccentricity results in a more intensive increase of performance of the 

vibration feed distributor. 

 

CONCLUSIONS 

The set of process equipment for the stress-free nested postweaning piglet management and feeding 

system would make it possible to minimize stress-related phenomena, ensure livability of piglets, improve 

average daily weight gain, and stabilize piglet development. 

The expected results of application of the equipment are: an increase of postweaning piglet survivability 

of up to 98%, and achieving 30 to 32 kg of body weight in 85 to 90 days. The experimental studies have shown 

that the developed vibration feed distributor provides stable feed delivery and the required performance. 

Stress-free small-group (up to 12 animals) housing of postweaning piglets improves livability of rearers 

up to 90 or 93%, and average daily weight gain during the rearing to no less than 400 g per animal per day. 
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ABSTRACT  

 Small, handheld furrow openers using rotary blades usually have limited power, making it necessary to 

minimise their operating power consumption, which mainly occurs with the soil throwing and movement of 

rotary blades. To this end, it is necessary to investigate the power consumption of such tillage implements, 

particularly the relationship between their power consumption and operating conditions based on soil 

movement patterns. In this study, we performed a field test of a furrow-opening rotary blade using round, 

physical tracers to monitor soil movement. The total power consumption of the rotary blade was positively 

related to the operating depth of the blade but was not related to the soil movement distance. The total 

power consumption peaked at 6.677 kW at a forward speed of 0.3 m/s, which was negatively related to the 

forward speed, but positively related to the soil movement distance. At a blade rotational speed of 340 rpm, 

the total power consumption peaked at 4.385 kW and was positively related to the blade rotational speed 

and soil movement distance. Therefore, it was concluded that by decreasing the rotary blade rotational 

speed and operating depth and increasing the forward speed, the power consumption of the unit working 

length can be reduced. 

 

摘要 

小型手扶式开沟机对所使用的旋转式开沟刀具有动力限制，因此需要减小开沟刀作业过程中抛撒与移动土

壤的阻力，为了达到减小作业阻力的目的，对开沟刀作业过程中的土壤移动规律与开沟功耗进行研究。通过圆

形示踪颗粒代替土壤，通过追踪示踪颗粒达到测定土壤移动规律的目的，再此过程中同时测定作业功耗，得到

土壤移动规律与旋转式开沟刀作业功耗之间关系。通过试验可知，开沟刀作业功耗和开工深度呈正相关，与土

壤移动距离无关。开沟刀在作业速度 0.3 m/s 时，作业功耗最大为 6.677 kW；开沟刀在作业速度 340 rpm

时，作业功耗最大为 6.677 kW。通过试验结果可知，当减小开沟刀旋转速度和开沟深度，增加开沟刀前进速

度时，可使单位工作距离下，旋转式开沟刀作业阻力最小。 

 

INTRODUCTION 

 Small, handheld furrow openers are widely used for preparing small field patches, particularly those in 

hilly and mountainous regions, owing to their better manoeuvrability in small spaces, lower power 

consumption, and greater slope-climbing capability as compared with large furrow openers. These furrow 

openers usually use disc-type rotary blades fixed to a rotating shaft (Figure 1a). To reduce the power 

consumption of such furrow openers, the resistance force on their rotary blades needs to be minimised 

(Matin et al., 2015), making it necessary to investigate the occurrence mechanism of the resistance. The 

resistance on rotary blades is the reacting force of their soil-cutting force (Kataoka et al., 2002; Ani et al., 

2018). The occurrence mechanism of the resistance has been investigated using various methods. Li et al. 

(2018) investigated the occurrence mechanism of the resistance on rotary blades using smoothed particle 

hydrodynamics and Taguchi methods. Asl et al. (2009) developed a mathematical model for predicting the 

power requirement of rotary blades and equations for quantifying blade surface area per unit volume of soil 

tilled, thereby optimising blade structure for resistance minimisation. Salokhe et al. (2002) experimentally 

investigated the resistance on reverse and traditional rotary blades operating at different rotational speeds in 

clay soil. Yang et al. (2015) developed a soil-cutting model of rotary blades using a finite element method, 

observing that the power consumed during soil cutting mainly consisted of kinetic and internal power, with a 

ratio of kinetic power to internal power of 1:9.5. Chertkiattipol et al. (2010) investigated the resistance on 

rotary blades at different temporal phases by measuring their coordinates at various time points. In addition, 
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past research into the effect of the structure of rotary blades on their cutting force has also been investigated 

(Ahmadi et al., 2017; Fajardo et al., 2014; Mollazade et al., 2009). Furrow opening using rotary blades 

involves moving soil outside of the furrow (Lee et al., 2003), with the kinetic and potential energies required 

for moving soil provided by the rotary blades. Thus, soil movement patterns affect the energy consumption of 

rotary blades (Shibusawa, 1993). Ucgul et al. (2017; 2018b) investigated the soil movement and tillage force 

of a mouldboard plough and rotary spader through discrete element modelling. Li et al. (2019) marked soil 

layers using physical tracers and analysed soil movement using a digital image processing technique. Haas 

et al. (2018) measured soil movement using different corpuscular metal tracers and a metal detector. 

Grayling et al. (2018) traced particle movement in soil using X-ray micro computed tomography. He et al. 

(2016) investigated the penetration force of a shovel-type furrow opener using a finite element method. The 

soil movement and cutting force of various tillage implements have been investigated. Traction-type 

implements involve only in-situ soil movement (Qin et al., 2018). In contrast, furrow-opening rotary blades 

involve soil cutting, crushing, and throwing (Harrison, 1978). This process involves both short- and long-

distance movement of scattering soil (Figure 1b), thereby moving soil from inside the furrow to targeted 

positions outside of the furrow. The power consumption of this process constitutes the majority of the power 

consumed by the furrow-opener. Thus, the soil movement patterns are key to the occurrence mechanism of 

the resistance on rotary blades.  

In this study, the relationship between furrow-opening rotary blades and operating conditions was 

investigated based on soil movement pattern, and an optimal level of energy consumption of the furrow-

opening rotary blade under different operating conditions was determined. 

Physical tracers are most appropriate for tracing the soil movement and throwing operations of 

furrow-opening rotary blades. However, tracers used in previous experiments were large, heavy, and mostly 

polyhedral, features which are not appropriate for tracing the soil movement and throwing of furrow-opening 

rotary blades (Rahman et al., 2005; Viktor et al., 2018; Solhjou et al., 2012). In this study, a small-diameter 

round tracer similar to a soil pellet was used to investigate the soil throwing and movement produced by 

furrow-opening rotary blades, and their power consumption was investigated in relation to the operating 

conditions and soil movement pattern. 

        
(a)                                                                 (b) 

Fig. 1 - Furrow-opening rotary blade 
(a) Small handheld furrow-opening rotary blades and soil movement during operation;  

(b) Soil throwing and movement of furrow opening rotary blades 

 

MATERIALS AND METHODS 

Field test platform 

 A field test platform was established to measure the soil movement and cutting force of furrow-opening 

rotary blades when the rotary blades were operating (Figure 2). The platform consisted of a frame, 48-V 

power source, forward drive motor, motor speed controller, gasoline engine, gear box, chain drive for driving 

the rotary blades, shaft for mounting the disc blades, torque sensor, computer, furrow-depth adjustment unit, 

traction wheels, and depth roller. The power source provided power to the driving motor, which drove the 

traction wheel to move forward. The forward movement speed of the platform was adjusted through the 

motor speed controller. The gasoline engine drove the shaft (on which the discs blades were mounted) 

through the gear box and chain drive. The output speed of the gear box could be adjusted to four different 

levels. The shaft rotated at high speeds to drive the furrow-opening rotary blades. The torque sensor was 

fixed to a position between the gasoline engine and shaft for measuring in real-time the rotational speed and 

power consumption (torque and power, respectively) of the rotary blades; torque and power measurements 

were collected every second. Measurements were inputted into the computer through a wireless transmitter 

and were displayed on the computer screen. The data acquisition software (Labview) collected torque and 

power measurements according to the current frequency, and automatically output the total power 
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consumption for a given period. The soil cutting depth of the rotary blades was adjusted by modifying the 

distance between the frame and depth roller through the operating depth adjustment unit. 

 
Fig. 2 - Field test platform  

1 - Frame; 2 - Power source; 3 - Forward drive motor; 4 - Motor speed controller; 5 - Gasoline engine; 6 - Gear box;  
7 - Chain drive; 8 - Shaft for mounting blade discs; 9 - Torque sensor; 10 – Computer; 11 - Operating depth adjustment unit;  

12 - Traction wheel; 13 - Depth roller  

Rotary blade 

The rotary blade used for the test had lateral and forward cutting edges (Fig. 3a). The cutting edges 

were in different spatial planes, with the lateral cutting edge represented using coordinate system oxyz and 

the forward cutting edge represented using coordinate system obxbybzb. The radius of gyration of the rotary 

blade, R, measured 260 mm. The lateral and forward cutting edges were in-plane isometric spirals. The 

lateral cutting edge was represented in plane coordinate system oxyz and can be described using Eq. (1):  

                                       θρ 7.3+168=                                                               (1) 

where: θ represents the polar angle of the spiral, with the polar angle at the starting point of the spiral θ0 = 0° 

and at the ending point θn = 22.3°; and ρ is the polar radius of the spiral, with the polar radius at the starting 

point of the spiral ρ0 = 168 mm and at the ending point ρn = 250 mm. 

The plane of the forward cutting edge deflected around line l at an angle of ψ = 74°, with the angle 

between line l and x-axis β = 58°. The forward cutting edge was represented in plane coordinate system 

obxbyb and can be described using Eq. 2: 

                                           δr 2.3+214=                                                              (2) 
where: δ is the polar angle of the spiral, with the polar angle at the starting point of the spiral δ0 = 0° and at 

the ending point δn = 12.6°; and r is the polar radius of the spiral, with the polar radius at the starting point of 

the spiral r0 = 184 mm and at the ending point rn = 212 mm. 

The widths at the root, deflection, and tip of the blade, h1, h2, and h3, measured 32, 47, and 56 mm, 

respectively. Five blades were arranged circumferentially at an equal angular distance to form a disc (Figure 

3b). The radius of gyration of the disc measured 300 mm. The blades were made using 65 Mn steel, which 

had a density of 7.83 × 103 kg·mm-3, modulus of elasticity of 2.06 × 1011 Pa, and Poisson ratio of 0.35. 

            
                                                                  (a)                                                                    (b) 

Fig. 3 - Rotary blade  
(a) Illustration of the structure of the rotary blade; (b) Rotary blade disc 
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Physical tracers 
Small, physical tracers made from silica gel were used, each measuring 0.6 g in weight, 6 mm in 

diameter, 5.3 g/cm3 in density, and an elasticity modulus of 1.2 GPa (Figure 4). Owing to similar material 

properties found within soils, the tracers were mixed into soils to monitor the soil movement of the furrow-

opening rotary blade. Tracer pellets were numbered (1–30), and their movement was used to represent soil 

displacement. 

 
Fig. 4 - Tracer pellets 

Methods 
Configuration of tracer pellets in soil 

An area of farming field measuring 5 × 1 m was randomly selected for the test. Numbered tracer pellets 

were then placed in the test area as follows: tracer pellets for each 5 cm soil layer (altogether five rows of tracer 

pellets; Fig. 5), with the distance between tracer pellets measuring 4 cm in the width direction and 100 cm in the 

travel direction length (four lines of tracer pellets in the width direction and six columns of tracer pellets in the 

travel direction; Fig. 5). To present the position of the tracer pellets, a coordinate system XYZ was established, 

with the X-, Y-, and Z-coordinates representing the travel, width, and depth directions, respectively. A total of 120 

tracer pellets were used for this configuration, with each pellet representing the soil volume around it. Thus, 

movement of the tracer pellets represented the soil movement of the furrow-opening rotary blade. 

 
Fig. 5 - Illustration of tracer pellet configuration  

Definition of test variables 
The experiment was performed at the four operating depths of the furrow-opening rotary blade (5, 10, 

15, and 20 cm), three forward speeds of the platform (0.3, 0.5, and 0.7 m/s), and three rotational speeds of the 

rotary blade (170, 255, and 340 rpm). Only one of the three variables was varied at a time. Thus, the test was 

performed at a total of ten levels, so that the effect of each of the variables on the soil movement and power 

consumption of the rotary blade was investigated. Table 1 shows the soil parameters.  

Table 1  

Main soil parameters of test field 

Parameters Value 

Bulk density [t·m-3] 1.31 

Wet density [t·m-3] 1.8 

Soil texture 
Clay loam 

(23.60% clay, 40.82% silt, 35.55% sand) 

Dry basis soil moisture content [%] 28.98 

Soil cohesion [kPa] 
45.01(0-2 cm), 53.44(4-6 cm), 

64.16 (8-10 cm) 

Soil con index [kPa] 695(0 cm), 994(5 cm), 1207(10 cm) 
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Experimental procedure and data collection 

Tracer pellets were buried in holes drilled in the soil according to the configuration in Figure 6(a). The 

rotary blade discs were fixed onto and driven by the rotating shaft of the field test platform for furrow opening 

(Figure 6(b)). For each level of the experiment, the platform was operated for furrow opening along the first line 

of tracer pellets in the width direction (because the rotary blades threw soil to the two sides symmetrically, soil 

movement at only one side was measured). Thus, the first line of tracer pellets was the centre of action of the 

rotary blade. Each level of the experiment was performed five times, with the measurements averaged for 

subsequent analyses. Measurements of the movement distance of the tracer pellets (Figure 6(c)), instantaneous 

torque (instantaneous power), and total power consumption (Figure 6(d)) were obtained from the experiment.  

 

       
                         (a)                                      (b)                                      (c)                                           (d) 

Fig. 6 - Illustration of test procedure 
(a) Tracer pellets set; (b) Platform; (c) Data measurements; (d) Power consumption collected 

 

Methods for obtaining measurements of tracer pellet movement 

Measurements of tracer pellet movement in the travel, width, and depth directions (i, j, and z, respectively) 

represented in the coordinate system defined above were obtained from the experiment and used to compute 

overall tracer pellet movement distance, L, using Equation 3:  

                         222 zjiL ++=                                                           (3) 

Methods for obtaining measurements of instantaneous torque (instantaneous power) and total power 

consumption 

Measurements of instantaneous torque obtained by the torque sensor were collected every second and 

were then used to compute instantaneous power using Equation 4: 

                                              
9550

nT
P


=                                                                (4) 

where: 

P is the power (kW), T is the torque (N•m), and n is the rotational speed of the rotary blade (rpm). 

At the end of each level of the test, the computer provided the output of the total power consumption for 

the entire length of travel (5 m) by analysing the measurement data using LabVIEW. Through the Origin8.5 

software analysed the data and obtained the standard deviation of homogeneous data (error bars) and 

significant difference of inhomogeneous.  

 

RESULTS AND DISCUSSION 

Effect of operating depth on soil movement 

When the blade rotational speed (225rpm) and forward speed (0.5m/s) were held constant, the movement 

distances of the first and second lines of tracer pellets were larger than those of the third and fourth lines, with 

the movement distance of the fourth line being the smallest. The first line was located at the centre of action of 

the rotary blade, the second line was close to the centre of action, and the third and fourth lines were gradually 

farther away from the centre of action. This indicates that the soil movement distance was the largest at the 

centre of action and decreased as the distance from the centre of action increased (Figure 7-10). 

In Figure 7 through 10, the tracer movement distance consisting of movement in the travel, width, and 

depth directions is presented by the line charts, and the proportional relationship between the three components 

is presented by the pie charts. The proportional relationship of the three components showed that, for all soil 

layers at all different operating depths, the movement distance in the travel direction is larger than that in the 

width direction, followed by that in the depth direction. This indicates that, at all blade operating depths, the soil 

movement distance in the travel direction is larger than that in the width direction, followed by that in the depth 

direction.  
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Additionally, the proportion between the soil movement distances in the travel, width, and depth directions 

was not related directly to the operating depth. At all operating depths, the proportion of movement distance in 

the depth direction to the overall movement distance of deeper tracer pellets was larger than that of shallower 

tracer pellets. This indicates that the proportion of soil movement distance in the depth direction to the overall soil 

movement distance increased as the depth of the soil layer increased. 

At a blade operating depth of 20 cm, for all lines of tracer pellets, the movement distance of the second 

row was the largest, and that of the fifth row was the smallest. As the numbering of the tracer pellet row 

decreased, the proportion of the tracer movement distance in the width direction in the overall tracer movement 

distance exhibited an increasing trend. The proportion of the movement distance in the depth direction exhibited 

a decreasing trend. The proportion of the movement distance in the travel direction first decreased then 

stabilised but was > 50% in all cases (Fig. 7). This indicates that, at a blade operating depth of 20 cm, the soil 

movement distance was the largest at a soil layer depth of approximately 5 cm and was the smallest at a soil 

layer depth of approximately 20 cm. Additionally, a deeper soil layer had a larger proportion of soil movement in 

the depth direction, and a shallower soil layer had a larger proportion of soil movement in the width direction. 

  

 

 
 Fig. 7 - Soil movement at operating depth of 20 cm 
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• Parenthetical citation: (Grady et al., 2019)  

• Narrative citation: Grady et al. (2019) 

Conference or Symposium: 

https://apastyle.apa.org/style-grammar-guidelines/references/examples/conference-proceeding-references 

Duckworth, A. L., Quirk, A., Gallop, R., Hoyle, R. H., Kelly, D. R., & Matthews, M. D. (2019). Cognitive and noncognitive 

predictors of success. Proceedings of the National Academy of Sciences, USA, 116(47), 23499–

23504. https://doi.org/10.1073/pnas.1910510116 

In text: 

• Parenthetical citation: (Duckworth et al., 2019) 

• Narrative citation: Duckworth et al. (2019) 

Dissertation / Thesis:  

https://apastyle.apa.org/style-grammar-guidelines/references/examples/published-dissertation-references 

Zambrano-Vazquez, L. (2016). The interaction of state and trait worry on response monitoring in those with worry and 

obsessive-compulsive symptoms [Doctoral dissertation, University of Arizona]. UA Campus 

Repository. https://repository.arizona.edu/handle/10150/620615 

In text: 

• Parenthetical citations: (Kabir, 2016; Miranda, 2019; Zambrano-Vazquez, 2016)  

• Narrative citations: Kabir (2016), Miranda (2019), and Zambrano-Vazquez (2016) 

https://apastyle.apa.org/style-grammar-guidelines/references/examples/unpublished-dissertation-

references 

Harris, L. (2014). Instructional leadership perceptions and practices of elementary school leaders [Unpublished doctoral 

dissertation]. University of Virginia. 

In text: 

• Parenthetical citation: (Harris, 2014)  

• Narrative citation: Harris (2014) 

 

Patents: Names and initials of authors, year (between brackets), patent title (Italic), patent number,country: 

Grant, P. (1989). Device for Elementary Analyses. Patent. No.123456. USA. 

Legal regulations and laws, organizations:  

https://apastyle.apa.org/style-grammar-guidelines/references/examples/iso-standard-references 

International Organization for Standardization. (2018). Occupational health and safety management systems—

Requirements with guidance for use (ISO Standard No. 45001:2018). https://www.iso.org/standard/63787.html  

Occupational Safety and Health Administration. (1970). Occupational safety and health standards: Occupational health 

and environmental control: Occupational noise exposure (OSHA Standard No. 1910.95). United States 

Department of Labor. 

https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.95 
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In text: 

• Parenthetical citations: (International Organization for Standardization, 2018; Occupational Safety and Health 

Administration, 1970)  

• Narrative citations: International Organization for Standardization (2018) and Occupational Safety and Health 

Administration (1970) 

 

Web references: The full URL should be given in text as a citation, if no other data are known. If the authors, year, and 

title of the documents are known and the reference is taken from a website, the URL address has to be mentioned after 

these data. 

 

Citation in text  

Please ensure that every reference cited in the text is also present in the reference list (and vice versa).  

Do not cite references in the Abstract and Conclusions !.  

Unpublished results, personal communications as well as URL addresses are not recommended in the references list. 

Making personal quotations (one, at most) should not be allowed, unless the paper proposed to be published is a sequel 

of the cited paper. Articles in preparation or articles submitted for publication, unpublished, personal communications 

etc. should not be included in the references list. 

Citations style 

Text: All citations in the text may be made directly (or parenthetically) as bellow. 

- single author: the author's name (without initials, unless there is ambiguity) and the year of publication: 

          “as previously demonstrated (Brown, 2010)”. 

- two authors: both authors' names and the year of publication: (Adam and Brown, 2008; Smith and Hansel, 2006; 

Stern and Lars, 2009) 

- three or more authors: first author's name followed by "et al." and the year of publication: “As has recently been 

shown (Werner et al., 2005; Kramer et al., 2000) have recently shown ...." 

 

Citations of groups of references should be listed first alphabetically, then chronologically. 

 

Units, Abbreviations, Acronyms 

▪ Units should be metric, generally SI, and expressed in standard abbreviated form.  

▪ Acronyms may be acceptable, but must be defined at first usage.   

 

2. REVIEWS 

Summaries, reviews and perspectives covering topics of current interest in the field, are encouraged and 

accepted for publication. Reviews do not have the requirements for regular articles. However, should 

include: (*) an introductory chapter, (**) a careful and critical presentation of the relevant aspects of the topic 

approached and (***) emphasis of the aspects that aren’t known and require further research to progress. 

Reviews should be concise (max. 12 pages). 
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